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I NTRO DUCTI: ON 
W. G i l l e t t  was one of the  eminent men of metallurgy nd an e r l Y  
devbtee t o  the  cause of promoting metallurgy as a science. His personal 
contributions and legacies  a r e  many, but i n  reading of him from writ ings of 
those who knew him, you w i l l  quickly conclude t h a t  a major contribution was the 
i n d e l i b l e  mark h i s  ins ight  and character l e f t  upon those with whom( he associ-  
a ted.  He was a teacher t o  a l l  whom he knew. 
Dr .  G i l l e t t  was the  f irst  d i rec tor  of the  f i n e  Bat te l le  labora tor ies  and 
i t s  chief technica l  advisor f o r  the subsequent years unt i l  h i s  death i n  1950. 
He served on many of t h e  committees of AS". 
The a b i l i t y  t o  make complex research understandable i n  wr i t ten  prose i-s 
a r a r e  g i f t  t h a t  was h is .  
and through it he promulgated h i s  l i f e  i n t e r e s t  - "the development, t e s t i n g ,  
evaluation, and appl icat ion of metals." I n  h is  honor, it i s  my pr iv i lege  t o  
discuss these same areas  f o r  the  refractory metals f o r  s t r u c t u r a l  appl icat ion.  
Because progress i n  recent years has been s o  dramatic, I have chosen t o  c o l l e c t  
my discussion of these top ics  under the heading "A Decade of FYogress." 
D r .  G i l l e t t  founded the  magazine, "Metals and Alloys" 
i n  an  attempt t o  provide a somewhat order ly  approach, we w i l l  f i r s t  def ine 
and review the basic  charac te r i s t ics  of these metals. 
A f t e r  defining the  character  of these metals and the  spec ia l  problems they 
present  i n  manufacture, evaluation, and appl icat ion,  I th ink  it may then be 
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necessary t o  j u s t i f y  and defend the  expenditure of time and money i n  the pursu i t  . 
Df such obstinate materials.  This w i l l  be done very b r i e f l y  i n  terms of the  need. 
The unique f a c i l i t i e s  that a r e  reqzrirzd and that have been provided f o r  
t h e i r  processing and evaluation w i l l  be described, followed by a summary of 
accomplishments i n  achieving commercial products and concluding with an 
indicat ion of where we stand with the most advanced mater ia ls  i n  research and 
development 
FULV~A~TTAL XIAm C,TEFZ STICS 
Refractory metals and high temperat7xes a r e  syncnqmous, Pr ior  t o  t h e  
development of re f rac tory  metals,  the  primary needs f o r  high temperature 
s t r u c t u r a l  materials were met by s p e c i a l  s t e e l s  and the superalloys based on 
nickel and cobalt base. It i s  obvious t h a t  i f  we a r e  t o  r a i s e  use temperatures 
of metals f o r  s t ruc tures  above 2000° F, T V ~  must consider mater ia ls  of much' 
higher melting poirifs than i ron ,  nicke.1, and csba l t .  The metals avai lable  f o r  
cousideration a r e  tabulated i n  Fig. 1. For convenience, they a r e  tabulated by 
t h e i r  grouping i n  the periodic tab le .  Shown a t  the  l e f t  of group VI11 a r e  the  
reference metals u i t h  melting points  i n  the v i c i n i t y  of 2650' t o  2800' F. 
Seventeen metals have higher melting points.  Many of these a r e  very scarce o r  
ra re .  This fact  alone eliminates t h e  metals of group VIII, platinum through 
osmium. 
and rhenium, and thorium and hafnium frm group IVA as base metals. 
group I'JA a r e  t i tanium and zirconium. 
demonstrated very l imi ted  high-temperature s tzengths ,  much i n f e r i o r  t o  those of 
a l loys of the  lower melting nickel or  cobalt .  Fortunately,  the  metals of groups 
VA and VTA ar? i n  s u f f i c i e n t  supp.ly t o  w a r r a n t  consideration and tungsten 
!6l7clo F) , molybdenum (4733' F), tantalum (5425' F), and @olumbium (4475' F )  
Short supply a l s o  eliminates the  metals of group VILA, technicium 
Also i n  
T'o date,  aUoys Jf these metals have 
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N v e  much higher melting points than nickel  and cobalt .  
concentrated on these four  metals and they w i l l  be emphasized i n  t h i s  discussion. 
Vanadium and chromium a r e  a l s o  avai lable ,  but  because they o f fe r  only modest 
temperature gains over superalloys and have some spec ia l  shortcomings, they 
have received only l imi ted  a t t en t ion  during recent  years and w i l l  be described 
only b r i e f l y  herein.  
Most a t t e n t i o n  has been 
These six metals of groups VA and VIA have many s i m i l a r i t i e s ,  but  there  
a r e  f u r t h e r  dis t inguishing fea tures  more c lose ly  r e l a t i n g  them by spec i f i c  
groups, VA (Ta, Cb, and V )  and V I A  (W, Mo, and C r ) ,  and they f requent ly  w i l l  
be discussed by t h i s  per iodic  grouping. 
of f i r s t  importance i s  the s t rength of these  mater ia ls  at  high temperatures 
Because cold work i s  an e f f ec t ive  method of s t rengthen-  (Fig.  2, Refs. 1 t o  3) .  
ing, p a r t i c u l a r l y  f o r  t he  group VIA meta ls ,  t he  h t a  a r e  shown f o r  the  metals when 
i n  t h e  r e c r y s t a l l i z e d  condition t o  eliminate t h i s  var iable .  It i s  c l e a r  t h a t  
even t h e  unalloyed re f rac tory  metals have usefu l  s t rengths  a t  temperatures wel l  
above t h e  melting points  of the superalloys. You may wish t o  keep two thoughts 
i n  mind here. A l l  these metals have a body-centered-cubic c r y s t a l  s t ruc tu re .  
Within each group of t h e  body-centered-cubic r e f r ac to ry  metals, t he  s t r eng th  a t  
any temperature i s  i n  the  same order as  t he  melting point,  f o r  example:: tungsten 
i s  s t ronger  than molybdenum, and tantalum i s  s t ronger  than columbium. Also the  
unalloyed group VIA metals have higher e l a s t i c  moduli and a r e  general ly  s t ronger  
than group VA metals. The s t rength  comparison i s  seen most simply by noting 
t h a t  Mo i s  s t ronger  than Ta although i t s  melting point i s  700' F lower. 
Another c h a r a c t e r i s t i c  difference between group VA and VIA metals i s  
ind ica t ed  i n  Fig. 3 (Refs. 4 t o  7 ) .  
c h a r a c t e r i s t i c  almost pecul iar  t o  body-centered-cubic metals, namely, a change 
Here we t u r n  our a t t e n t i o n  t o  an unfortunate 
I 
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from d u c t i l e  behavior t o  b r i t t l e  behavior as the  temperature i s  lowered. 
has beer, a problem f o r  many years i n  body-centered-cubic i r o n  and s t e e l s .  
Figure J describes reduction i n  a r e a  i n  a t e n s i l e  t e s t  against  temperature, 
again f o r  recrys ta l l ized  material .  
This 
The t rar is i t ion from high ducti1it.y tc e s s e n t i a l l y  zero d u c t i l i t y  for 
‘d 
cokumbim occurs a t  about -200 
temperatare. 
,the grodp VA. metals Ta, V.? and Cb have t h e i r  t r a n s i t i o n  temperatures w e l l  below 
roam temper.a.ture. 
a t  l iqi l id  helium temperatwe, and V exhib i t s  a d u c t i l i t y  dropoff only i n  the 
v i c i n i t y  of -320” F. 
aril Cr show a t ransi5ion temperature near 5CQo 3r 60’3’ F, and thus a r e  b r i t t l e  
a k  r a m  temperature. 
t emperatwe a 
F, which i s  then t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  
Room temperature i s  shown ass a shaded area for emphasis. Fortunatlely, 
En f a c t ,  Ta does not exhib i t  a t r a n s i t i o n  temperature everi 
The p o u p  ViA metals present mors of a problem. Tungsten 
The t r a n s i t i o n  temperature of molybdenum is near room 
It i s  generally important k,o have . this  t ra r i s i t ion  occ’ur below room tempera- 
+,?;crc for t h e  simple reason t h a t  metals a r e  handled a r d  t ransported a t  room 
ternp3ratu-e: and we want them t o  be.have l i k e  respectable metals, not l i k e  gl.ass. 
,f ‘we drap them, we do not warit them t 2  s’hatter. 
t o  saw, shear,  punch, and form them a t  rclom temperature, too,  but simple warming 
wj.th rad ian t  heaters w i l l  permit, these operations t o  be performed.) I n  service,  
we would l . ike them t o  be d u c t i l e  a t  t h e  m i n i m m  exposure temperature, and thus 
i . n  same cases trans:Ftion temperatxt-es wel l  below room temperature a r e  sought e 
I (It i s  desired t o  be ab le  
.Mxh of the research i n  refract .ory metals has been concerned w i t h  t h e  
. ~ i d ~ ? r s t a n d i n g  and the control o f  the  t r a n s i t i o n  temperature. 
w t ;  ,l.aJbt?~rj . t ransi t ion temperat.;cre may be lowered 
A s  w i l l  be pointed 
(“1.) By a n  i.nc:rease i n  puri.by, p a r t i c u l a r l y  i n  regard t o  i n t e r s t i t i a l s ,  
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* ( 2 )  by cold work 
(3) w fine grain size 
(4) BY a dispersed phase 
(5) In the case of group V U  metals by alloying with Re (costing $600 
per pound) 
Unfortunately, the transition temperature is raised 
(1) BY contamination 
( 2 )  many alloying additions 
(3) increased strain rate 
The data of Fig. 3 are from high quality material in tensile tests at conventional 
strain rates. 
Of particular importance is the effect of interstitial impurities. (An 
excellent discussion is given in Ref. 8,) 
Fig. 4. 
no transition temperature has been reported by Lawley, et al., (Ref. 9) for 
electron-beam five-pass zone-refined polycrystalline molybdenum. 
of the transition temperature is associated by the authors with the drastic 
lowering of the interstitial impurities, particularly 0 and C ,  (tabulated in 
the figure). 
extreme purities are never achieved in unalloyed molybdenum. Semchyshen and 
co-workers, however, have shown other approaches that may provide commereial 
unalloyed Mo with transition temperatures of below -200' F (Ref e lo). 
converse is true too: more impurity raises transition temperature. Systematic 
data for effects of interstitials in single crystal and polycrystalline W 
are given in Ref. 11. 
in refractory metals is obvious. 
An extreme example is shown in 
Two conditions for molybdenum are shown; the upper condition showing 
The lowering 
This is an extreme example: in commercial production such 
The 
The need to control and minimize interstitial impurities 
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Let us now t u r n  t o  another problem i n  re f rac tory  metals, t h a t  i s ,  t h e i s  
Figure 5 i s  a extremely poor oxidation res i s tance  (Fig. 5, Refs. 1 2  t o  1 7 ) .  
p lo t  of r a t e  of oxidation i n  micrograms per square cantimeter per hour, f o r  a 
l-hour time period, as a f m c t i o n  of temperature. 
oxidation of nichrome on the  same scale .  
where we wish t o  use these mater ia ls ,  molybdenum has an oxidation r a t e  of 
almost seven orders of magnitude higher than nichrome. Even t h e  most oxidation- 
r e s i s t a n t  metal, chromium, would be sat isfactDry f o r  only very short-time 
applicat.ions. To obtain a b e t t e r  physical  p ic ture  of the  sever i ty  of t h i s  
problem, w e  may r e f e r  t o  Figs.  6 and 7 where molybJenwn and columbium, 
respectively,  a r e  shown t o  have oxidation r a t e s  a t  temperatures of i n t e r e s t .  
Also shown i s  t h e  r a t e  of 
A t  temperatures g r e a t e r  than 1800' F, 
Figure 6 shows a molybdenum s t r i p  being heated i n  a i r  t o  grea te r  than 
3003' F by passing an e l e c t r i c  current, through the  metal. 
oxidizes t o  Moo3. 
by conversion t o  the  oxide and sublimation. The oxide of molybdenum i s  
v o l a t i l e  a t  temperatures above 932' F, and it sublimes as fast as it i s  formed 
at temperatures grea te r  than 1415 F. Thus, t h i s  behavior i s  c h a r a c t e r i s t i c  
of molybdenum a t  a l l  temperatures of i n t e r e s t ,  and f o r  tungsten a t  temperatures 
of aboat 2500' F aod above. 
The metal rapidly 
The oxide i s  v o l a t i l e  and t h e  metal  rap id ly  loses  thickness 
0 
The behavior of columbium i n  air i s  somewhat d i f f e r e n t .  On t h e  l e f t  
(Fig.  7 )  i s  unalloyed Cb; on the  r i g h t  i s  an a l l o y  of Cb with 5 percent Cr, 
a f t e r  hea.ting f o r  3 hours a t  only 1500' F. Before exposure, t h e  disks  were 
i.dent.ica1 i n  shape - 2 inches i n  diameter and 1/4 inch thick.  
alloyed metal i s  unacceptable a 
Obviousl.y, un- 
ALLoyivg helps, but no a l l o y  of Cb or any other  re f rac tory  metal has been 
found t h a t  mmbines s a t i s f a c t o r y  oxidation res i s tance  with needed s t rength  and 
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f s b r i c a b i l i t y .  
t h i s  subject w i l l  be discussed l a t e r .  
Only coatings offer promise f o r  providing the  needed protection; 
Before leaving t h i s  discussion of contamination and oxidation, we should 
emphasize a s l i g h t l y  d i f fe ren t  charac te r i s t ic  of chromium. It has t h e  b e s t  
inherent oxidation resis tance of the refractory metals, but suffers from severe 
embrittlement when exposed t o  a i r  a t  even moderate temperatures. 
r e s u l t  of adsorption of N2 not 02 
Wain and co-workers (Ref. 18). They had produced a high-purity, unalloyed, 
cold-worked chromium that was duct i le  at room temperature. 
had been exposed t o  oxygen f o r  2 hours a t  1 2 0 °  F, it would remain d u c t i l e  a t  
room temperature. 
the  mater ia l  would become b r i t t l e  when subsequently t e s t e d  a t  room temperature. 
Embrittlement on exposure t o  a i r  (or nitrogen) remains a major problem with 
chromium; both a l loy ing  and coating are being pursued i n  an attempt t o  over- 
come t h i s  deficiency. 
This is a 
a s  has been shown by the experiments of 
After the  material 
I f  it was exposed t o  nitrogen at t h e  same conditions, however, 
This discussion has served t o  ident i fy  the  re f rac tory  metals of i n t e r e s t .  
We have indicated t h e i r  s t rength  potent ia l ,  t h e  problem of the d u c t i l e - b r i t t l e  
t r a n s i t i o n  temperature (and the resul tant  importance of achieving high p u r i t y  
and avoiding i n t e r s t i t i a l  contamination) and f i n a l l y  t h e  extremely poor 
res i s tance  t o  oxidation. 
THE NEED FOR REFRACTORY' METALS 
Let us now consider some typica l  appl icat ions t h a t  might j u s t i f y  research 
It i s  not possible  and development on such obstinate metals. 
t o  provide a de ta i led  discussion of systems requir ing re f rac tory  metals i n  t h i s  
paper. Such information may be found i n  Refs. 19  t o  23 ,  A s m a r y  of t h e  
spectrum of time, temperatures, and environment. of appl icat ions t h a t  require  
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materials with a temperature capabi l i ty  grea te r  than t h a t  of superalloys is 
shown i~ Fig. 8. The various shadings used a r e  ind ica t ive  of t h e  aggressiveness . 
of t h e  service eririro-ment toward r e f r a c t m y  metals. I n e r t  gases or hydrogen 
( f o r  group VZA metals) a r e  representative of a r e l a t i v e l y  f r i e n d l y  environment 
f o r  refractory metals; l i q u i d  metals, such as t h e  a l k a l i  metals sodium, potassium, 
and rubidium, are envirorient.s of more concern. 
par t icu lar ly  antagonis t ic  environment a t  htgh temperatures e 
As shown e a r l i e r ,  a i r  i s  a 
Let us consider these requirements b r i e f l y .  
a need f o r  materia1.s a t  very high temperature but with l i fe t imes  general ly  
measured i n  minutes. 
or only s l . ight ly  oxidizing. 
made of s t e e l s  o r  superalloys cooled by t h e  propel lant .  Sol id  rockets do not 
have a coolant avai lable  and refractory metals, p a r t i c u l a r l y  tungsten, a r e  
f i l l i n g  an important need here. 
above the  melting point of tungsten, exceeding t h e  c a p a b i l i t y  of even .the 
re f rac tory  metals. Cooling i n  conJwzztion with re f rac tory  metals i s  one 
promising avenue being pursued, ho-dever, 
The racket nozzle presents 
F o r t x a t , e l y ,  t h i s  atmosphere i s  frequent ly  nonoxidizing 
I n  the case o f  l i q u i d  rockets the  nozzle may be 
FLarne temperatures now a r e  being pushed w e l l  
The m c l e a r  rocket uses a s ingle  propellant,  hydr.Jgen, heated by passing 
through a cuclear reactor .  
-Minimum reactor  temperatures of i n t e r e s t  are 3500° F w i t , h  much higher tempera- 
t u r e s  desired. Currently, t h i s  c m n t r y  i s  ergaged i n  the development of a 
graphi te  reactor,  but, i n  addi t ion,  KA.sA. and AEC a r e  studying the f e a s i b i l i t y  of 
a tungsten reactor concept. when? the  f ,uel  elements .woJd  be tungsten containing ' 
iLrari: i .um dioxide. Considerable promise has beer1 demonstrated by t h i s  approach. 
Spate power systems a r e  almos,.t certain.  t o  provide a major opport.uni.ty :for 
Tangsten and molybderlum a r e  unaffected by hydrogen. 
the application of re f rac tory  ma,t,erial.s These syst:ems require  mater ia ls  f o r  
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re?ctors ,  containment of working f lu ids ,  and turbine components f o r  operation 
a t  very long times - grea ter  than 10 000 hours - i n  space. 
presents  an environment of corrosive a l k a l i  metals, such as sodium or potassium; 
the  Brayton cycle, though requir ing higher temperatures, presents a noncorrosive 
i n e r t  gas environment, such as argon. 
w i l l  sure ly  s a t i s f a c t o r i l y  f u l f i l l  a need i n  the fu ture .  
ind ica te  t h a t  tantalum and columbium al loys may be required f o r  the  thousands 
of f e e t  of tubing of such systems, and the ul t imate  i n  high-strength a l loys  
of molybdenum, tantalum, or tungsten w i l l  be required for the  highly s t r e s sed  
turbine components. 
The Rankine cycle,  
These are areas where r e f r ac to ry  metals 
To date,  the  data  
In the  intermediate time-temperature spectrum a r e  shown severa l  a i rbrea th-  
ing propulsion and aerodynamic vehicle  requirements wherein the mater ia ls  must 
survive i n  an aggressive, oxidizing environment, If protect ion of the r e f r ac -  
t o r y  metals could be achieved through al loying or coating, the fu tu re  i n  these 
systems and the sa l e s  market f o r  re f rac tory  metals vould be br ight ,  indeed. 
The ind ica tors  of optimism a r e  not  great  here, however, except fo r  very shor t -  
time appl icat ions,  such as reentry.  
These, then, a r e  the  general  needs f o r  r e f r ac to ry  metals as s t r u c t u r a l  
mater ia l s .  If we were t o  d e t a i l  the  specif ic  components, the l i s t  would f i l l  
s eve ra l  pages. 
TEN YEELRS AGO 
To measure the  progress made i n  the past decade, l e t  LIS review the  s t a t u s  
of 13 years  ago, i n  1955. 
ava i l ab le  a t  that time. 
funct ion of temperature for unalloyed molybdenum and the  outstanding molybdenum. 
a l loy ,  Mo-0.5 T i .  
Figure 9 shows the  important r e f r ac to ry  metals 
In t h i s  f igure the t e n s i l e  s t rength  i s  p lo t t ed  as a 
A r e l a t i v e l y  intensive inves t iga t ion  of mol.y3dem.m and possible  
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a l loys  as wel l  as fundamentals of the  d u c t i l e - b r i t t l e  t r a n s i t i o n  had been 
underway fo r  some time under t h e  guidance of a coordinating group l e d  and 
sponsored by the  Office of Naval Research. 
melting and a l l o y  development had been achieved by t h e  Climax Molybdenum 
Company of Michigan. 
Major and remarkable advances i n  
This progress was exper t ly  described by M r .  Alvin Herzig, 
now President of t he  company, i n  the  G i l l e t t  l e c t u r e  of 1957 (Ref. 24) .  
had developed vacuum-consumable-electrode a r c  melting t o  a semiproduction 
process. 
commercial product. 
of carbon, a process s t i l l  used f o r  molybdenum. 
r e f r ac to ry  metals had been produced by powder metallurgy, pr imari ly  f o r  
e lec t ronic  appl icat ions,  such as e lec t ron  tubes and lamps. 
The Mo-0.5 T i  a l l oy  was a s ign i f i can t  advance over unalloyed molybdenum, 
but t h i s  was the  bes t  a l l o y  known. For s t r u c t u r a l  appl icat ion,  there  were no 
columbium al loys,  no tungsten a l loys ,  no tantalum a l loys ,  no vanadium a l loys .  
Chromium al loying was under study but with hopelessly discouraging r e s u l t s .  
The technical  l i t e r a t u r e  of 1955 does not mention vanadium, columbium, tantalum, 
or  tungsten as  base metals. 
s t rength  of these unalloyed metals a t  very high temperatures. 
not e x i s t  i n  1955, and we d id  not have t h e  ma te r i a l  i n  a form su i t ab le  f o r  
t e s t i n g ,  nor d id  we have equipment f o r  t e s t i n g  conventional bar  stock or sheet  
a t  temperatures above 2200' F. 
Climax 
This was a major s t e p  toward achieving needed high p u r i t y  i n  a 
Molybdenum was deoxidized during melting by t h e  add i t  ion 
Pr ior  t o  t h i s  contr ibut ion,  
Ea r l i e r  (Fig. 2 )  I presented data f o r  t he  t e n s i l e  
Those data d i d  
What has been accomplished s ince t h a t  t ime? 
A C H I m N T S  
F a c i l i t i e s  f o r  Processing 
.A prerequis i te  t o  progress i n  r e f r ac to ry  metals has been the  need f o r  
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f a c i l i t i e s  t o  process and evaluate these mater ia ls .  
at high temperatures - the  difference i n  the  melting point  between tungsten and 
superalloys suggests a need f o r  processing temperatures f o r  u l t r a s t r eng th  
a l loys  as much as 2000' t o  3000' F higher than f o r  superalloys ( o r  s t e e l s ) .  
:The processing method m u s t  achieve extreme pur i ty  and minimize contamination 
and oxidation a t  a l l  s teps  i n  processing. 
Processing must be conducted 
Before describing the  progress i n  t h i s  area,  l e t  us summarize the general  
cha rac t e r i s t i c s  of these metals as we know them today (Fig.  10). 
a i d  i r _  understandifig the  equipment. needs. 
This w i l l  
The metals a r e  again l i s t e d  by t h e i r  group of t he  per iodic  t ab le .  Within 
each group the  metals a r e  l i s t e d  i n  order of decreasing melting point ,  which 
a l s o  i s  the  order of decreasing density. 
i r o n  o r  s t e e l .  
fk i ce  t h a t  of s t e e l ,  columbium i s  comparable, and vanadium i s  abovt 2 3  percent 
l e s s .  
of s t e e l ,  molybdenum i s  30 percent greater ,  and chromium about 10 percent 
l i g h t a r  . 
Densities shown here are r e l a t i v e  t o  
Note that within group VA, tantalum has a densi ty  more than 
For group VIA, tungsten i s  very heavy with a densi ty  2-1/2 times that 
O f  importance a r e  those conditions under which the  metals exhib i t  d u c t i l i t y  
a t  rocrri temperatare. 
ir?dicates a favorable cha rac t e r i s t i c .  ) 
( Inc identa l ly ,  the t ab le  i s  s e t  ap s o  t h a t  a yes answer 
Covlsider t he  q;ies",ion, a r e  t h e  base metals duc t i l e  a t  roam temperature 
>hen r e c r y s t a l l i z e d ?  
W and C r  a r e  not - Mo can be depending on processing and the  method of measure- 
ment. A P  mentioned e a r l i e r ,  c d d  work can lower t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  
t;emperat-aZ and thus group VA metals, of course, r e t a i n  d u c t i l i t y  i n  this 
c o n d i t i m .  
All group VA me ta l s ,  Ta, Cb, and V a r e  - group E A  metals, 
Duc t i l i t y  a t  room temperature can be achieved by cold r o l l i c g  iri 
the case of Mo and Cr. Most cold-worked forms of W are not ductile althoygh 
cold-worked wire and extremely cold-worked sheet may be ductile. 
Welding is important in fabrication of components and it is obviously 
desirable that welded components be ductile at room temperature. 
welds in group VA metals are ductile; welds in group VIA metals are generally 
brittle as would be expected because the metals are brittle whenever recrystal- 
lized. 
Uncontaminated 
Because these metals pick up contaminants from the atmosphere when at 
high temperatures, it is desirable that they have characteristics which permit 
them to be finish worked near room temperature. 
sheet at low temperatures, contamination would not occur because oxidation and 
diffusion are negligible. Group VA metals in sheet and tubing can be worked 
near room temperature by using intermediate stress-relief anneals. 
V I A  metals generally must be worked hot, out of protective atmosphere furnaces, 
and surfaces must be cleaned by pickling or machining (although both tungsten 
and molybdenum =be rolled near room temperature subsequent to receiving 
large amounts of cold work at high temperatures). 
For example, if we can r o l l  
The group 
One liability for group VA metals is that they are not ductile after 
hydrogen atmosphere exposure at moderately-high temperature: group VIA metals 
are ductile after such exposure and thus hydrogep furnaces can be used for hot 
working. 
anneals. 
interest for nuclear rockets where the propellant is hydrogen. 
metals, W or Mo, are possible.) 
Inert atmospheres or vacuum furnaces must be used for group VA 
(Because of rapid attack by hydrogen, group VA metals are not of 
Group VIA 
Let us now examine the Rature of processing facilities. 
Earlier it was pointed out that the commercial development of the vac’uum- 
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consumable-elzctmde p r x e s s  by the C l i m a x  Molybdenum Company of Michigan was 
a pforeer i rg  s tep .  
metals. 
Finse t h a t  time, t h e  electron-beam melting process has been developed t o  
c:mmeraLal status by Charles Hunt and associates,  of the  Temescal Metallurgical 
CDrpcrat ion. 
This i s  s t i l l  t h e  most common method f o r  melting of re f rac tory  
Refinements, primarily i n  improved vacuum control,  have been achieved. 
Figure I1 i s  a schematic drawing f o r  descr ipt ion of the  process. A tungsten 
r’l’Lamer,t, i s  beaked t o  a white heat causing electrons t o  be emitted. The 
, : ; C ; ~ C J ~ ; ) ~ S  are  focused and directed toward the mater ia l  t o  be melted, f o r  
?xa,mplei a p a r t i a l i y  s in te red  tungsten bar ,  as showla. When the  electrons s t r i k e  
tk bar ,  they give up t h e i r  great  k ine t ic  energy as heat causing t h e  bar  t o  
melt ii,C,o a molten pool. 
A;, the melt s c l i d i f i e s ,  the ingot i s  slowly r e t r a e t e d  as bar stock is fed 
” t o  rhe top. The melticg must, be conducted i n  high vacu-m t o  maintain the  
e l  ?c t ron  beam ( a k s s  a remote separately-chambered g-m i s  used) , but exposure 
-f the  melt tJ t h i s  high vacw~m is an important method of pur i f ica t ion .  
The m e l t  i s  contained i n  a water-cooled copper mold. 
I n  
-he =le=tr-r-b.?am f x n a c e ,  melting i s  conducted i n  vacuum between l ! ~ ~  t o  10- 5 
rnT Hg. The molter, pool i s  always exposed t o  the vaczum of the chamber (as 
rasted x i t h  thl2 LE A a l  conditions ir_ consmable-electrode arc-meltfcg 
e m?lrir,g 2-5 c3-duete3 deep inside a copper mold). If metal i s  t o  be 
p J r i f i e d  ‘cy e x y z s n ?  t c  a vacdm, the electron-beam melting process may be 
- ~ p e ~ i z , ? ~  t.o the a r c  process because the melt sees a b e t t e r  vacwm an3 the 
:ri-l.ting r a t e  car b? slcwer. On t h e  a ther  hand, a l loying may be d i f f i c u l t  
rzcaJse plemerLi+s of high vapor pressme will be l o s t .  It may be desirable  t o  
b x b  systemss p z i f y i ~ g  i n  the  electron-beam furnace arid remelting t o  add 
a l lny ing  ad3ititx<s i n  the a r c  furnace where melting r a t e s  may be more rapid 
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and vaporization l e s s .  
described i n  Ref. 25. 
A comparison of the  melting methods f o r  tungsten i s  
With proper care, very high p u r i t i e s  can be achieved i n  electron-beam 
melting, as shown i n  Fig. 1 2 ,  f o r  data obtained a t  Lewis with 2-1/4-inch- 
diameter ingots. 
and second melt o r  remelt i s  given for columbium. 
The analysis  of t h e  s t a r t i n g  material, a f t e r  first melt, 
Oxygen has dropped from 
perhaps 1500 t o  20 ppm, nitrogen from 550 t o  55 ppm, carbon from 390 t o  40 ppm, 
then back t o  65. Because of some carbon-oxygen in te rac t ion ,  oxygen and carbon 
drop together mt i l  oxygen reaches a low value and then carbon begins t o  
climb, apparently as a r e s u l t  of backstreaming from the o i l  diffusion pump. 
Hardness i s  as low as 60 Vickers. I n  tungsten, oxygen as low as 1 t o  3 ppm, 
nitrogen as low as 5 t o  10 ppm, carbon as low as 5 ppm, and t o t a l  meta l l ics  as 
low as 3.5 ppm have been measured. 
pur i ty  and the tungsten a f t e r  severa l  remelts close t o  99.998 percent pur i ty .  
This columbium has about 99.98 percent 
P u r i t i e s  near t h i s  can be rea l ized  i n  commercial melts i f  care i s  taken. Not 
t o o  many years ago, auch p u r i t i e s  were achieved only i n  laboratory research 
specimens of low melting metals. 
F a c i l i t i e s  f o r  arc melting and/or electron-beam melting of re f rac tory  
metals a r e  now avai lable  i n  at  l e a s t  seven companies. Molybdenum ingots  t o  
1 2  inches i n  diameter have been arc-melted. An electron-beam furnace with 
a power of 1.3 MW i s  avai lable .  
Although I have emphasized consolidation by melting, the  powder-metallurgy 
route continues t o  progress, and most tungsten commercially produced today i s  
consolidated by the powder-metallurgy process. Industry has made grea t  s t r i ,des  
i n  scaling-up pressing and s i n t e r i n g  f a c i l i t i e s .  
When the melting route i s  used, the  ingot  i s  a cast ing,  and it i s  
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desirable  t o  break down th i s  ingot by some working method. 
method f o r  primary breakdown has been extrusion. 
The preferred 
The major requirement for 
successful extrusion of refractory metals i s  high temperature, as would be 
expected when processing a l loys  with a melting point as much as 3500' F above 
t h a t  of s t e e l .  Although some of the  a l loys  a r e  successfully extruded a t  only 
2590" F, many require  much higher temperatures. 
type extrusion f a c i l i t y  operating with a furnace t h a t  permits temperatures t o  
3500' F. The 
high temperatures bring addi t ional  problems; one i s  a requirement f o r  speed. 
We f i n d  that the  center  of a 2-3/4-inch-diameter b i l l e t  heated t o  4000' F 
w i l l  l o s e  40 F per second when exposed t o  room-temperature air. 
the  b i l l e t  center  may l o s e  400p F of heat,  and the  surface would lose  much 
more. Also, the extrusion chamber and other  too l ing  a r e  made of sSeels melt- 
ing  near 2600' F. We may not leave 4000' F metal i n  contact with too l ing  f o r  
v w y  lo,%. Speed a l s o  minimizes oxidation and contamination. Lubrication is 
a ser ious problem a t  high temperatures. 
DuPont has a production- 
I n  the laboratory we a r e  extruding a t  temperatures t o  5000' F. 
0 I n  10 seconds, 
Figure 13 shows a t y p i c a l  tungsten b i l l e t  E inches i n  diameter, a ceramic- 
posted s t e e l  f i e ,  and a f inished extrusion. 
Lnnovation of the  AF Materials Laboratory; t h e  ceramic coating provides d ie  
p r s t e e t i m  and, a t  some temperatures, lubricat ion.  Figure 14 shows the 
IJi33-tor; v e r t i c a l  extrusion press a t  the  Lewis Research Center. 
short b i l l e t  t r a n s f e r  time, t h e  furnace has been placed d i r e c t l y  Over a metal 
".-ack. 
Ths b i l l e t  i s  induct ively heated: 
hot  b i l l e t  drops i n t o  the  t rack,  i s  pushed quickly along the t r a c k  where, a t  
+,he end, it drops i n t o  the container. A s  the r a m  descends, a cable a t tached 
Coated d ies  a r e  an important 
To achieve 
The f v n a c e  may use e i t h e r  a,n i n e r t  gas o r  hydrogen atmosphere, and 
The furnace has been used t o  5000' F. The 
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from the ram to the chute pulls the chute out of the way. Normal time from 
opening of the furnace to completion of extrusion is 5 seconds. 
and the procedures used for extrasion at very high temperatures are described 
in Ref. 26. Even at these high temperatures we are unable to extrude some 
materials. 
of the ram stem. 
lubricants f o r  use at extremely high temperatures. 
of major help here: 
use of heavy wall refractory metal claddings around the material to be 
extruded. 
than the material to be extruded at the extrusion temperature. 
This facility 
The component limiting extrusion pressure is usually the strength 
AnotBer important problem is the lack of well-developed 
Two innovations have been 
the use of ceramic-coated dies described above, and the 
This cladding is a material of greater ductility and lower strength 
I should hasten to remind you that this is a laboratory or pilot operation 
that explores new alloys and new methods. 
about 3500 F and, with much bigger billets, moves at slower speeds. 
larger billets center temperature l o s s  is less rapid, of course. 
Commercial equipment is limited to 
0 With 
Having discussed the facilities for consolidation and breakdown of ingots, 
let us turn our attention to the problem of primary fabrication and rolling. 
Again we must be concerned with problems of high temperature and protection 
during working. Generally, it has been found that commercial tungsten and 
molybdenum dloys (group VIA metals) after initial ingot breakdown at very 
high temperatures must be worked at high temperatures; for example, comemial 
sheet alloys may be rolled at temperatures of 1600' to 1800' F. 
strength alloys are worked in the laboratory at much higher temperatures. These 
temperatures, though high, are in the cold-working range for these alloys, and 
the metals occasionally may require recrystallization and/or stress-relief 
anneals at even higher temperatures during processing. Generally, these 
Ultra-high- 
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tungsten and molybdenum a l loys  must be protected during heating, usual ly  i n  
hydrogen furnaces. Time i n  air  i s  minimized, and contaminated surfaces a r e  
pickled. Several m i l l s  have su i tab le  furnaces i n  conjunction with t h e i r  r o l l i n g  
m i l l s ,  f o r  example, Universal Cyclops, Union Carbide S t e l l i t e ,  Climax Molyb- 
denum Company, Wah Chang, and General Elec t r ic ,  Cleveland. I n  t h e  gase of 
G. E.-, they have hydrogen furnaces a t  both s ides  of a hot m i l l  so  t h a t  sheet 
may pass from the hydrogen furnace through the  m i l l  and i n t o  another hydrogen 
furnace. 
Processing of t h e  f i n a l  sheet products of tantalum and columbium a l loys  
(group VA metals) is  somewhat d i f fe ren t .  These metals a f t e r  i n i t i a l  break- 
down usual ly  may be. r o l l e d  cold, from room temperature t o  l e s s  than 800° F. 
A t  t h i s  temperature, i n t e r s t i t i a l  contamination from the  atmosphere i s  not a 
problem. The metal must be annealed a t  i n t e r v a l s  between r o l l i n g  passes. These 
anneals must be performed i n  i n e r t  gas o r  vacuum furnaces because hydrogen i s  
destruct ive t o  group VA metals. 
DuPont Metals Center, Union Carbide S t e l l i t e ,  Fansteel ,  Wah Chang, and Uni- 
v e r s a l  Cyclops. 
Typical m i l l s  producing t h i s  product a r e  
A t r u l y  unique f a c i l i t y  f o r  the  procsssing of re f rac tory  metals a t  very 
high temperatures while i n  a protective atomsphere has been developed by t h e  
Universal Cyclops Company under the d i rec t ion  and sponsorship of t h e  Bureau 
of Naval Weapons and with recent sxppcrt from the  Air Fome. 
fea tures  a r e  t h a t  it permits t r u e  hot working t o  temperatures of 400Q0 F with 
the metals completely protected i n  an i n e r t  gas argon atmosphere. 
has been c a l l e d  "Infab'l - coined from t h e  words " i t ier t  fabr icat ion."  Metal 
processing equipment i s  contained i n  a room about 100 f e e t  by 40 f e e t  with a 
height  somewhat over 20 f e e t ,  completely f i l l e d  and maintained with a htgh-purity 
The unique 
The f a c i l i t y  
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argon atmosphere. The t o t a l  impurit ies of the  gas a r e  l e s s  than 5 ppm. - 
Among t h e  pieces of equipment i n  the  room a r e  a hot impactor f o r  forging- 
type breakdown of ingots,  a r o l l i n g  m i l l  f o r  hot r o l l i n g  of bar (with capabi l i ty  
f o r  sheet  t o  18 in .  wide) and T I G  welding equipment. 
this equipment i s  from outside the  room, but men a r e  required ins ide  the room 
t o  move material  between pieces of equipment, t o  feed the  mater ia l  i n t o  t h e  
r o l l i n g  m i l l ,  and t o  operate the welder. 
suits while working on the bar m i l l .  
f abr ica t ion  of metals! 
The control  of most of 
Figure 15 shows the  men clad i n  space 
Surely t h i s  can be c a l l e d  "space-age" 
While metals are being worked i n  In-Fab, they a r e ,  of course, completely 
surrounded by a n  i n e r t  atmosphere and the smoking of the metal (Fig. 6 )  i s  
completely eliminated, and contamination of a11 ref rac tory  metals during 
processing has been proved t o  be negl igible .  
and clean, and pickling or surface machining t o  remove i n t e r s t i t i a l  contamin- 
a t e s  i s  unnecessary. 
have been shown f o r  t r u e  hot working i n  t h e  impactor p r i o r  t o  the  r o l l i n g  of 
sheet.  
The product comes out br ight  
i n  the  case of t h e  molybdenum a l l o y ,  TZM, advantages 
(The usual prac t ice  i s  t o  w a r m  cold-wark.) 
A s  mentioned e a r l i e r ,  the  industry general ly  has found a l t e r n a t e  methods 
f o r  protection of the re f rac tory  metals during processing o r  has been able  
t o  remove contamination a t  t h e  end of processing. Methods f o r  protect ion 
include the use of atmosphere furnaces, previously described, coupled with 
the use of metal claddings or in-prDcess coatings that were l a t e r  removed. 
Unfortunately, a t  t h i s  point i n  time, ne i ther  economics nor the  need t o  avoid 
contamination, nor the development of t r u l y  unique propert ies  have been suf- 
f i c i e n t  t o  j u s t i f y  the continued operation of "Infab," a t  a cost  of about 
$1000 per day. 
19 
Equipment f o r  Evaluation and Contamination Problems 
The preceding discussion should give the impression that i n  t h i s  country, 
we have developed f a c i l i t i e s  generally s u i t a b l e  f o r  consolidation and processing 
of these very react ive re f rac tory  metals. The f i n a l  problem area i s  the  evalua- 
t i o n  of these mater ia ls .  
rupture propert ies ,  we become much more concerned with the prablems of 
contamination. 
r a t e s  of these mater ia ls  out t o  a min imum of 10 000 hours. 
Here, par t icu lar ly  when measuring long-time creep or 
For space power systems, it is necessary t o  know the  creep 
A l l  t e s t i n g  of unprotected refractory metals must be conducted i n  vacuum 
or i n e r t  atmosphere, such as argon. 
vacuums, modest i n  today 's  standards, of or mm Hg, a r e  s u i t a b l e .  
The re f rac tory  metals of groap VA are  s t rong "get ters"  f o r  oxygen, however, and 
when hot they w i l l  scavenge oxygen from such vacuum environments. 
with oxygen may strengthen the  metal during the t e s t .  
and t h e  t r a n s i t i o n  temperature w i l l  be r a i s e d . )  
purposes, a near perfect  vacuum, and contamination can be expected t o  be n i l .  
It i s  imperative t h a t  the propert ies  measured i n  the laboratcry a r e  t h x e  t h a t  
the  designer can expect i n  h i s  vehicle i n  space. 
vacuum must be achieved i n  the  laboratory t e s t  chamber t o  avoid unwanted 
contamination and i m o r r e c t  property measixemerhs? Some data t o  indfca ts  t h e  
s e v e r i t y  of t h i s  problem a r e  given i n  Fig. 16, (Ref 
contamination by oxygen of columbium-0.75 percent z ixonium a l l o y  a t  2000" F. 
We have p lo t ted  the r e l a t i o n s  of oxygen pressure and t i m e  t h a t  will c a m e  
contamination of t h i s  a l l o y  t o  e i ther  100 or 1000 ppm oxygen. 
ab le  contamination l i m i t s  f o r  tantalum or columbiixn a l loys .  The data presented 
are f o r  a t y p i c a l  tube t h a t  has a 20-mil-thick w a l l  with the oxygen penetrat ing 
For  short-time t e n s i l e  t e s t s ,  modest 
Contamination 
(Also, it will embr i t t l e  
S p c e  is ,  f o r  practical. 
The question i s  how good a 
271, which shows t h e  
These a r e  reason- 
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, *om one side,  For example, if  we wished t o  l i m i t  contamination of t h i s  tube 
t o  1000 ppm in  10,000 hours, it would be necessary t o  conduct our t e s t s  i n  an 
atmosphere with a p a r t i a l  pressure of oxygen of almost 
another viewpoint, f o r  a system operating a t  about lom8 mm Hg, our contamination 
would reach 103 ppm i n  about 2000 hours. These data  suggest t h a t  extremely good 
vacuum environments a r e  required f o r  the  conduct of creep t e s t s  fo r  long times. 
An a l t e rna t ive ,  o f  course, i s  t o  use an i n e r t  gas, such as argon. The hor i -  
zonta l  dashed l i n e  i s  the oxygen pressure corresponding t o  a very high-purity 
argon gas containing only 0 .1  ppm oxygen. 
i na t ion  from continuously supplied argon. 
t h i s  rapid,  but, c l ea r ly ,  t h e  use of neu t r a l  gases i s  not a simple so lu t ion .  
mm Hg. fiom 
This i s  a maximum t h e o r e t i c a l  contam- 
In prac t ice  contamination may not  be 
Figure 1 7  describes a high-temperature creep apparatus developed a t  
28 )  L e w i s  Research Center t o  permit evaluation a t  u l t r ah igh  vacuum (Ref 
The method of heating is  that of passing an e l e c t r i c  cur ren t  through a tung- 
s t e n  o r  tantalum tube t h a t  has a longi tudina l  s l i t ,  t h i s  heat ing element then 
r ad ia t e s  t o  the t e s t  specimen. mis t e s t  method of heat ing i s  used a l s o  i n  
short-time t ens i l e  equipment t o  5000’ F. 
s h e l l  i s  minimized by a s e r i e s  of r e f r ac to ry  metal hea t  sh i e lds .  
i s  pumped by a fac-ion pump. 
use of metal s ea l s  a t  a l l  removable openings and the  complete absence of any 
en t ry  i n t o  the furnace during the  l i f e t ime  of t he  t e s t .  For example, even the 
app l i ca t ion  of s t r e s s  t o  the  specimen is  achieved by weights that a r e  contained 
within the  vacuum chamber. This apparatus has operated continuously a t  pres-  
sures  down t o  5x10’’ mm Hg. Currently we have s i x  such creep u n i t s  f o r  eval-  
ua t ion  of very long-time proper t ies  and another 18 having a somewhat l e s s e r  
vacuum capabi l i ty  for shor te r  time t e s t s .  Another 1 4  ultra-high-vacuum u n i t s  
Heat t r a n s f e r  t o  the  vacuum chamber 
The chamber 
An extremely low leak  r a t e  i s  achieved by the  
2 1  
a r e  being constructed a t  TRW laborator ies  under 
Westinghouse labora tor ies  has four  such u n i t s .  
contract  t o  NASA, and 
Currently NASA in-house and 
contract  f a c i l i t i e s  a r e  conducting screening t e s t s  of the  creep propert ies  
of 13 commercial tantalum and columbium alJ-oys and severa l  high-strength 
molybdenum and tungsten a l loys  f o r  possible use i n  space power systems. 
Even i n  these  t e s t  f a c i l i t i e s ,  however, some pickup of oxygen occurs as 
would be predicted from Fig. 16. The magnitude of t h i s  contamination along 
with other e f f e c t s  of vacuum environment a r e  summarized i n  Fig. l 8 ( a ) .  Here 
it i s  shown t h a t  group VA metals, columbium, tantalum and t h e i r  a l loys ,  w i l l  
contaminate with oxygen even i n  high vacuum, thus t h e i r  t r a n s i t i o n  temperature 
w i l l  be ra i sed  and t h e i r  s t rength al tered.  Specif ic  data a r e  shown f o r  an 
increase i n  oxygen during a creep t e s t .  For t h e  columbium a l l o y  FS-85 
(a-28Ta-1OW-1Zr) t e s t e d  f o r  1522  hours a t  an average pressure of approximately 
6x10'9 m Hg, the  increase i n  oxygen was 62 ppm (or 30 percent)(  Ref 2 8 ) .  
Another example shows data f o r  the previously s t a t e d  f a c t  that  poor 
vacuum may lower creep rate (raise s t rength) .  
comparative t e s t s  with the tantalum a l l o y  T-111  (Ta-8W-2Hf) a t  the  same 
temperature of 2400' F and s t r e s s  of 9000 p s i .  
were used, and creep was measured i n  both a f t e r  1 7 2  hours. 
of lom6 mm Hg, t h e  creep was only one-tenth of t h e  value i n  higher vacuum. 
The metal has been strengthened by exposure t o  "poor" 
reemphasize t h a t  t h i s  i s  primarily a problem i n  evaluation of these mater ia ls .  
I n  t h e i r  intended appl icat ion of space, t h e  vacuum i s  far superior  even t 3  these 
values, and contamination i s  not expected t o  be a problem. Because poor vacuum 
conditions i n  the measurement of s t rength i n  t h e  laboratory r e s u l t s  i n  overly 
opt imist ic  data, it i s  par t ic luar ly  important t o  avoid contamination during 
Ekgley (Ref. 29)  has conducted 
A s  shown, two vacuum conditions 
I n  the poor vacuum 
vacuum. I should 
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evaluation. 
l e v e l s ,  ac tua l  data beyond 5000 hours a re  not ye t  ava i lab le .  
Although our new equipment may l i m i t  contamination t o  reasonable 
Molybdenum and tungsten a l loys  may pur i fy  i n  high vacuums a t  very high 
temperatures with removal of oxygen, carbon, and hydrogen (Fig. 18(b) ) .  
change can lower t r a n s i t i o n  temperature. 
shows that molybdenum exposed t o  3800' F f o r  1 2  hours i n  a vacuum of 
mm Hg decreased i n  oxygen content from 18 t o  3 p p ,  and the d u c t i l e - b r i t t l e  
t r a n s i t i o n  temperature decreased from -130' t o  -200' F. 
This 
The example ( a f t e r  Harwood, Ref. 30) 
Carbide-phase-strengthened r e f r ac to ry  metal a l loys  lose  carbon and lose  
s t r eng th  a t  high vacuun. 
a l loys .  
a t  very high temperatures ( R e f .  31). 
low as 2400' F. 
evaporation o r ,  more l i k e l y ,  reac t ion  of carbon with t r a c e s  of oxygen of t h e  
atmosphere. 
Examples a re  shbwn f o r  both molybdenum and columbium 
The molybdenum example i s  a t y p i c a l  occurrence during heat treatment 
Carbon can be l o s t  a t  temperatures as 
Two explanations a r e  possible:  carbide decomposition and 
For the columbium a l l o y  D-43 (Cb-lOW-lZr-C.1C) i n  a creep t e s t ,  a decrease 
i n  carbon occurred a t  the  same time that oxygen was increasing (Ref. 321, 
as described previously. 
decrease f rm the i n i t i a l  value : t h e  increase i n  oxygen i s  about 25  percent.  
StLtdies a r e  cur ren t ly  underway t o  f i n d  methods t 3  avoid this loss of carbon 
during high-temperature vacuum exposmes. 
This l o s s  i n  carbon represents  about a 10-percent 
I think it i s  c l e a r  tha t  w e  have made g r e a t  s t r i d e s  i n  the  processing and 
t e s t i n g  of these materials. The methods of pro tec t ion  and avoidance of 
contamination of the  f i n a l  product during r e f r ac to ry  metal  processing a r e  wel l  
knodn and i n  use. 
contamination i s  being minimized, but  it has ye t  t o  be proved t h a t  t he  new 
For t e s t i n g  t o  very long t imes,  t he  data indica te  tha t  
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apparatus i s  good enough f o r  ensuring acceptably correct  creep measurements 
t o  10 000 hours and beyond. 
i n  many re f rac tory  a l l o y  systems, we can a n t i c i p a t e  tha t  solut ions t o  the  




Because carbon i s  sucb an important strengthener 
This discussion has highlighted the character of f a c i l i t i e s  tha t  have 
been made avai lable  f o r  consolidation, processing, and t e s t i n g  of re f rac tory  
metals and t h e i r  a l loys .  
a s i g n i f i c a n t  achievement. 
The developnent of these f a c i l i t i e s  i s ,  alone, 
Refractory Metal Sheet Rolling Bogran 
Let us now t u r n  t o  a discussion of progress i n  re f rac tory  metals i n  an 
It was our purpose t o  discuss the  a r e a  I w i l l  c a l l  commercial development. 
progress of the  past  decade, but l e t  us go back t o  only 1958 and describe the  
s i t u a t i o n  a t  that time. 
ava i lab le ,  surface and dimensional control was poor, and worst of a l l ,  product 
q u a l i t y  was extremely variable.  This was the e r a  when unalloyed molybdenum 
was beginning t o  be replaced by the molybdenum a l l o y  containing 1!2 percent 
t i tanium, columbium plus 1 percent zirconium was the columbium a l loy ,  there  
were no tantalum a l loys ,  and no s izable  tungsten sheet .  
I n  1958, very few ref rac tory  metal a l loys  were 
A major qua l i ty  problem was l a c k  of uniformity. Variable formabil i ty  
and tendency t o  delaminate o r  crack during shearing and forming (Fig.  19) 
were p e r s i s t e n t  problems i n  attempted appl iaat ions.  
were most pronounced with molybcieown and t mgsten mater ia ls  A s  
mentioned e a r l i e r ,  a l l  the refractory metals considered f o r  commercial develop- 
ment (tungsten, tantalum, molybdenum and columbium) are body-cenxered-cubic 
metals and a t  least tungsten, molybdenum and columbim exhibi t  a t r a n s i t i o n  f m m  
d u c t i l e  t o  b r i t t l e  behavior as temperature i s  lowered. 
These problems 
I 
It i s  desired tha t  t h i s  
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t r a n s i t i o n  temperature be below room temperature t o  f a c i l i t a t e  handling and 
forming. Commercially ava i lab le  molybdenum sheet  was found t o  have an 
extremely var iable  t r a n s i t i o n  (Fig.  2 0 )  usua l ly  above room temperature (Ref. 33). 
This does not provide the  consumer with a r e l i a b l e  mater ia l .  
Approach 
An agreement was reached among the  Department of Defense, t he  N a v y ,  and 
the  A i r  Force that t h e  National Academy of Science should be asked t o  form 
a panel under the  mater ia ls  Advisory Board t o  coordinate development a c t i v i t i e s  
aimed a t  providing high-quality sheet of t h e  needed a l loys  of t h e  r e f r ac to ry  
metals. 
Ref. 34. 
(The nature and current s t a t u s  of this a c t i v i t y  i s  described i n  
The in t en t  here i s  t o  out l ine  b r i e f l y  the  accomplishments t o  da te . )  
The panel decided t h a t  t he  program should be divided i n t o  th ree  phases 
f o r  each a l l o y :  
Phase I - Development of a production process followed by production 
of a quant i ty  of sheet t o  e s t a b l i s h  qua l i t y  and uniformity 
Phase I1 - Measurement of preliminary design data f o r  the  "pedigreed" 
sheet from Phase I 
Phase I11 - Establishment of l i m i t s  of formabi l i ty  and de f in i t i on  of forming 
and joining procedures f o r  shee t ,  followed by t e s t s  of 
fabr ica ted  s t r u c t u r a l  elements 
O f  major importance was the  decision as t o  which re f rac tory  metals o r  
a l loys  should be supported i n  the  program. This port ion of the  a c t i v i t y  was 
the  respons ib i l i ty  of the subpanel on Alloy Requirements and Select ion headed 
by Dr. R. I. Jaf fee  of Bat te l le .  A t  t he  i n i t i a t i o n  of t h e  program, they 
conducted a survey t o  l ea rn  the  s t a t u s  of r e f r a c t o r y  metal  a l l o y  development 
i n  t h i s  country and t o  iden t i fy  the  requirements f o r  such a l loys .  Based on 
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these surveys, they decided it was desirable t o  s e t  t a r g e t  propert ies  f o r  
s i x  s p e c i f i c  c lasses  of a l l o y s :  
(1) Fabricable molybdenum 
( 2 )  High-strength molybdenum 
( 3 )  Fabricable high-strength columbium 
(4) Tantalum a l l o y  
(5) Unalloyed o r  d i l u t e  tungsten 
( 6 )  mgh-strength tungsten 
Figure 2 1  shows t y p i c a l  t a r g e t s  f o r  three classes .  
prepared keeping i n  mind the  general  charac te r i s t ics  of the base metals. 
An example of the  philosophy i n  creat ing the t a r g e t s  can be seen by 
The s p e c i f i c  t a r g e t s  were 
comparing "fabricable" and "high-strength" molybdenum classes .  
difference appears i n  high-temperature-strength and room-temperature-ductility 
requirements. 
a t  a 400' F higher temperature. 
i n  room-temperature d u c t i l i t y .  
The s i g n i f i c a n t  
The high-strength a l l o y  was t o  have a comparable s t rength but 
This s t rength was t o  be obtained a t  a s a c r i f i c e  
Another: point of philosophy can be i l l u s t r a t e d  f o r  columbium a l loys .  It 
was decided and s t a t e d  (by the ta rge ts )  that, t o  be of i n t e r e s t ,  columbium 
a l loys  must r e t a i n  a major a t t r a c t i v e  c h a r a c t e r i s t i c  of columbium - good 
d u c t i l i t y  i n  the  welded condition a t  room temperature. 
high s t rength  but lacking weld d u c t i l i t y  were already avai lable .  
Molybdenum a l loys  with 
These t a r g e t s  provided the  industry withspecif ic  objectives permitt ing 
them t o  focus t h e i r  e f f o r t s  f o r  a l loy  development and a l s o  l i s t i n g  s p e c i f i c  
t e s t  data t h a t  should be obtained t o  permit v a l i d  comparisons t o  be made. 
st imulus f o r  the industry was the  opportunity f o r  government support f o r  f u r t h e r  
development (Phases I, 11, and 111) f o r  the se lec ted  a l loys .  Government support 
The 
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was important because the  market was l imi ted  and uncertain,  and cost  of t h e  
f in i shed  product i n  0.040-inch sheet i s  between $30 and $280 per square foot .  
The t a r g e t s  were submitted t o  t h e  industry,  and candidate a l loys  
were screened. 
could fund development through t h e  three  phases as deemed necessayy. 
Fhlkowing se lec t ion  of candidates, t h e  government agencies 
Alloy se lec t ion  was an intensive process spanning severa l  years. Those 
of us involved i n  the  program were p a r t i c u l a r l y  impressed with t h e  manner i n  
which industry responded t o  t h e  challenge. 
established, producers, whether under contract  or not, made rapid progress. 
Within a few years, severa l  a l loys  i n  each c lass  were avai lable  f o r  se lec t ion .  
It i s  s ign i f icant  t o  note t h a t ,  a t  t h i s  date,  t h e  t a r g e t  propert ies  have been 
achieved for a l l  classes  except high-strength molybdenum. 
Once c l e a r  objectives had been 
Progress 
To highlight the progress, we may compare the  s t a t u s  of the  a l l o y s  of 
the  program when the program began i n  November 1959 with current status 
(Fig.  2 2 ) .  
where sheet can be produced i n  la rge  s i z e s  with good qual i ty  and uniformity, 
were unknown at  the  start  of the  program. 
This t a b l e  shows that several  a l loys ,  which have advanced t o  a point 
Another point of i n t e r e s t  i s  t o  compare the  propert ies  of the  s e l e c t e d  
mater ia ls  tha t  have been invest igated i n  t h e  "scale-up" pr-ram with t h e  more 
Signif icant  t a r g e t s  of strength,  d u c t i l i t y ,  and weldabi l i ty  (Fig.  23 ) .  
each of four  c lasses ,  the bar  graphs cmpare t h e  high-temperature t e n s i l e  s t rengths  
of the  selected a l loys  t o  the  t a r g e t s  (shaded bars). 
of the f igure compare the d u c t i l e - b r i t t l e  t r a n s i t i o n  temperatures with t a r g e t s  
and a l s o  compare the  d u c t i l i t y  a t  room temperature a f t e r  welding with t h e  t a r g e t .  
For 
The tabular  data  a t  t h e  t o p  
For the fabricable  molybdenum c lass ,  t h e  se lec ted  a l loy ,  TZM, exceeded t h e  
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s t rength  t a r g e t s  a t  2QOOo and 2400° F, but  of more s igni f icance  i s  the duc t i l e -  
b r i t t l e  transit ion-temperature comparison. E a r l i e r  problems i n  molybdenum 
were described with emphasis on the  problems of delamination, and the  f a c t  t h a t  
the  only consis tent  fea ture  of the d u c t i l e - b r i t t l e  t ransi t ion-temperature  was 
t h a t  it was almost always above room temperature (Fig.  2 0 ) .  A s  a r e s u l t  of 
t he  program, a t t en t ipn  was focused on an a l loy ,  TZM, t h a t  had much b e t t e r  
s t rength ,  which now consist ,ently demonstrates a d u c t i l e - b r i t t l e  t r a n s i t i o n  
temperature below a -60' F. Room temperature weld d u c t i l i t y  was, of course, 
not sought i n  molybdenum and was not  achieved. 
discussion of t he  problem of delamination may be found i n  Ref. 35). 
(An exce l len t  general  
Unalloyed tungsten was pursued for use at very high temperatures acd 
Capabi l i ty  of met t h e  t a r g e t s  f o r  t e n s i l e  s t rength  a t  3000' and 3500' F. 
producing la rge  sheet  with good qua l i ty  and uniformity i n  f l a t n e s s  and i n  gage 
con t ro l  was sought and general ly  achieved. Duc t i l i t y  a t  room temperature vas 
not expect e d 
Columbium a l loys  were desired with good s t r eng th  but with major emphasis 
on the  requirement t h a t  they should be duc t i l e  when welded. 
would have l i t t l e  advantage over molybdenum a l loys .  ) 
(Otherwise they 
The r e su l t an t  a l loys  
described here have high s t rength,  a d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature 
lower than -25Q0 F, and a f t e r  being welded w i l l  survive a bend over a radius 
equal t o  t h e  sheet thickness ( I T )  a t  room temperature. They a r e  duc t i l e  when 
welded . 
Tantalum a l loys  were sought with a higher use temperature than columbium 
a l l o y s  and with even b e t t e r  duc t i l i t y .  These have been achieved. 
It was t h o a h t  desirable  t o  describe the  s t rengths  of the  a l loys  se l ec t ed  
or  i d e n t i f i e d  i n  t h i s  program. T h i s  comparison should provide a perspective 
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of s t rengths  f o r  t he  materials, but ,  of coarse, i s  not t he  only bas i s  f o r  
se lec t ion  of an a l loy  f o r  any appl icat ion.  
sidered. Figure 24 shows t h i s  comparison on t h e  bas i s  of only ul t imate  
t e n s i l e  strength. The several columbium a l loys  are shown as a band. The 
order  of increasing s t rength  general ly  i s  Cb al loys,  Ta a l loy,  T-222, Mo 
a l loy  Tm, a2d unalloyed W. 
Many o ther  f ac to r s  must be con- 
The densi t - -  of these  mater ia ls  var ies  widely as follows: 
Alloy Density, lb / in3  
C b  d l o y s ?  F’S-85 and D-43 @. 39 and 0.33, respect ively 
TZM 0.37 
T-222 and GE-473 0.60 
Tungsten 0.69 
The ttant&lum and tungsten a l loys  have very high density.  
Althoxgh f o r  some appl icat ions,  even some of those i n  aerospace, 
densi ty  i s  not, an important f ac to r ,  it sure ly  i s  5.n most such appl icat ions 
a rd  thus c f t ec  must be taken i n t o  account when comparing s t rengths .  These 
ma%erials are compared on t h e  bas i s  of s t rength- to-densi ty  r a t i o  i n  Fig. 25. 
On t h i s  basis ,  t h e  tantalum a l loys  a r e  only s l i g h t l y  superior  t o  columbium 
a l loys ,  and the advantage of t h e  molybdenum a l loy  i s  c l ea r ly  indicated.  
Iicalloyed tungster, i s  cf i n t e r e s t  at temperatures above about 3100’ F. 
Anckher ind ica t ioc  of progress i s  t o  note  t h e  formabil i ty  of t h e  sheet 
prodsct of the Phase I program:: i n  contrast; t o  t h e  s t a t u s  pyesented e a r l i e r .  
!lke determiEation of formabili ty and formabil i ty  l i m i t s  has been the  re- 
spons ib i l i t y  of Phase I11 cmtrt ie tors .  
molybdeeum al loy TZN a t  McDonnell CorporatZon ( e . g . ,  Ref .  36)  and for tung- 
T k s e  s tud ie s  are underway f o r  t h e  
at SoLar ( e . g . ,  R e f .  5 7 )  and at Slpa-Temp Corporation (e .  g . ,  Ref .  3 8 )  
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under sponsorship of the  Bureau of Naval Weapons. 
Formed p a r t s  of TZM are shown i n  th ree  f igures:  a curved channel 
(Fig. 26), corrugations formed at  room temperature (Fig. 27, Ref. 6 ) ,  and 
formed, corrugated panels from powder-metallurgy tungsten (Fig. 28) .  Deep 
drawn cups t h a t  were formed a t  about1650 F are shown i n  Fig. 29. These 
f igures  a r e  from t h e  contract  of Ref. 37. 
proper procedures can produce qual i ty  p a r t s  of these  alloys.  The summary 
reports  of Phase I11 contractors of the sheet r o l l i n g  program w i l l  provide 
guidel ines  f o r  the forming of these  materials. Summaries of all t h e  con- 
t r a c t o r  a c t i v i t i e s  of t h e  sheet r o l l i n g  program a r e  prepared by I M I C  
( R e f .  39 i s  t y p i c a l ) .  
0 
Clearly it has been shown t h a t  
Forging Development 
The refractory-metal-sheet ro l l ing  program j u s t  described, has, of 
course, concentrated on sheet materials. Another p a r t i c u l a r l y  important 
accomplishment i n  re f rac tory  metals has  been t h e  development of good qual i ty  
forged tungsten f o r  nozzles of the  so l id  propellant rocket. To t h i s  date, 
t h e  s o l i d  rocket nozzle has been responsible f o r  perhaps 80 percent of t h e  
consumption of re f rac tory  metals i n  f inished hardware. 
been t o  provide a material t h a t  w i l l  resist the  erosive e f f e c t s  of impinging 
gases a t  gas temperatures grea te r  than 5000 F. Thin sheet mater ia l  has not 
been successful because it tends t o  deform or buckle under t h e  pressures. 
The need was f o r  heavy w a l l  forgings. 
Here the  need has 
0 
Forged nozzles resu l t ing  from t h i s  development program a r e  shown i n  
Fig. 30 ( R e f .  40). The nozzles a re  produced from i n i t i a l  powder-metallurgy 
b i l l e t s  6 inches i n  diameter, 11 inches high, and weighing about 250 pounds. 
These l a r g e  b i l l e t s  are upset t o  a f lat  pancake and then formed i n t o  the  
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skape of a c ~ p .  
cylinder i s  r ing-rol led t o  t h e  f i n a l  product shown. 
tungsten nozzles ever produced and have a diameter of about 1 6  inches. The 
t e n s i l e  propert ies  of t h i s  material a r e  a l s o  shown i n  the f igure.  The con- 
t r o l l e d  working has produced comparable propert ies  i n  both t h e  axial and 
circumferential  direct ions.  The s t rength l e v e l s  a r e  f u l l y  equivalent t o  
high quali ty sheet,  and. the t r a m i t i o n  temperature i s  remarkably l o w  for 
t h i s  product, apparently less than 200 F, as indicated by t h e  high d u c t i l i t y  
a t  200' F. 
Tk;e bottom Of t h e  cup i s  then removed, and t h e  r e s u l t i n g  
These a r e  t h e  l a r g e s t  
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An eqilally important development f o r  rc,;ket nozzles i s  t h a t  of porous 
tungsten inf i l t ra t . ed  with s i l v e r .  The microstructure of t h e  cross sect ion 
of a nozzle a f t e r  f i r i r ig  i s  showr, i n  Fig. 31. An important f e a t u r e  of these 
nozzies i s  t h a t  some cooling i s  achieved as a r e s u l t  of e-TaporatLon of s i l v e r  
from the  hot surface. From t h e  microstrucfilres and t h e  numbers on the  cross  
sect ion of the nozzle, you can see the  m.agnitude of t h e  evaporation of t h e  
s i l v e r .  
tematical ly  invest igated and reported by t h e  Aerojet Company (Ref. 41). 
thoug5 t h e  advm-tage of t h i s  nozzle over t h e  s o l i d  nozzle from t h e  stand- 
point of evaporative cooling i s  obvious, it i s  not the  most important ad- 
vantage i n  the opinion of the mnsxner. S i rpr i s ing ly ,  when compared with 
unalloyed tmgst,en, lGwer cost, bet ter  macM.neability, and b e t t e r  toughness 
a t  room temperahme are more important, advantages. 
The processing var iables  of these composite nozzles have been sys- 
Al- 
A t m  s ph er  e Pro t. e 2 ti o n 
Eefractory metals have f u l f i l l e d  an important need f o r  t h e  nozzle Of 
tl-.e s o l i d  propellant rocket,  i n  part, because the components of t h e  exhaust 
gases of the  p a r t i c u l a r  rocket engines are nc t  highly r e a c t i v e  w i t h  these  
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metals. Unfortunately, as w e  saw e a r l i e r ,  most appl icat ions t h a t  require  
t h e  high-temperature s t rength of refractory metals a l s o  require  res i s tance  
t o  highly oxidizing atmospheres. Important examples are the  components of 
air-bxeathing engines, such as t h e  turbojet  o r  t h e  ramjet. 
crease operating temperatures i n  such appl icat ions i s  great .  Refractory 
The need t o  in-  
metal a l loys  with t h e  required strength, d u c t i l i t y ,  and f a b r i c a b i l i t y  t o  
permit increased operating temperatures a r e  now available.  Oxidation- 
r e s i s t a n t  a l loys  o r  s u i t a b l e  coatings are not avai lable ,  except f o r  short-  
time reentry applications.  
The s t a t e  of development of coatings f o r  re f rac tory  metals i s  indicated 
i n  Fig. 32 where w e  have shown t h e  protect ive l i f e  as a function of service 
temperature f o r  t h e  b e s t  coatings on t h e  four  primary re f rac tory  metals 
(Refs. 42 and 43). The data  a r e  f o r  exposure i n  s t i l l  air at  atmospheric 
pressure. Most research and development t o  date  has been d i rec ted  toward 
coatings f o r  columbium and molybdenum. Much less experience has been gained 
w i t h  tantalum and with tungsten. 
Although t,he r e l a t i o n s  shown by these curves a r e  reasonably correct ,  
t h e  d i f f i c u l t i e s  i n  t h e  appl icat ion and use of coatings are such t h a t  con- 
s u l t a t i o n  with an expert i s  required before one attempts t o  apply coated re-  
f r a c t o r y  metals t o  a p a r t i c u l a r  component or use. For example, i f  we take a 
temperature of 2200 
0 
F, these da ta  would state tha t  t h e  coated molybdenum 
would have a g r e a t e r  l ifetime than coated columbium. 
a laboratory furnace i n  s t i l l  air; however, i n  a turb ine  bucket operating i n  
This would be t r u e  i n  
2 j e t  engine, where foreign objects  may s t r i k e  the surface, t h e  opposite 
would probably be t rue.  As noted e a r l i e r  (Figs. 6 and 7 ) ,  t h e  oxidation of 




of t h e  underlying molybdenum by i t s  conversion t o  molybdenum oxide and evap- 
orat ion through t h e  hole. The oxide of colmbium, on t h e  other  hand, i s  a 
porous, fla'm mater ia l ,  and thus it tends t o  oxidize more slowly near an 
imperfection. %us columbium wonld cer ta in ly  be tkie b e t t e r  choice f o r  t h i s  
application. On t,ke other  hand, consid.ering a l i f e t i m e  of 1 hour, t h e  da ta  
g'ive a c leer  pictxre. ,  
of about 270d F', a r d  molybdenux would pe,-n;lt operation t o  higher tempera- 
tu res .  Such has been t t ~  philosop5y i n  t Y . 9  c o n s t x c t i o n  of reentry s t r u c -  
t u r e s .  Coated columbium because of i+,s superior  d u c t i l i t y  and f a b r i c a b i l i t y  
2,s used t o  t;?e maxi.mwn temperature possible, wi.th k o t t e r  areas using 
coated molybdenuma 
The oxide of molybdenwn vaporizes as rapidly as it i s  
A pinhole through t h e  diffused ccating may r e s u l t  i n  complete loss 
Zoated. x&um'bium woala be l imi ted  t o  a temperature 
0 
Anotker importact f a c t o r  i n  t h e  use of' coatings i s  t h e  f a c t  that ,  coat- 
ings affect, t h e  p m p e r t i e s  o f  the  base metal as indicated i n  Fig. 33 (Ref. 44). 
As  one of my colleagues has s a i d  t c  emphasize t h i s  point,  "It a i n ' t  pa in t . "  
?Lis f i g m e  describes t h e  e f f e c t  of s i x  d i f f e r e n t  commercial coatings on t h e  
t z a n s i t i o n  temperahre of one co1umbi.m sheet  a l loy ,  D-31. The lower dashed 
l i n e  indicates  thzb the t ransi t i .on tempez-ature of the aricoated sheet  was be- 
low -1OJ' F. I n  every Case9 .tke appl icat ion of the coating 'has r a i s e d  t h e  
. t ransi t ion tempersturz, and three  :oat,ings !lave r a i s e d  t h i s  temperature t o  
zbove room tempe-.atwe. 
It i s  recognized .that w e  sho;ld consider coated re f rac tory  metals as 
new composite m a t e r i d s  m d  me8sure the  pr.opert.ies of  these new composites. 
An many ca:,e:; t h e  effe-ts cax be more damaging t-hari shown here. 
cases, the  coatsings a r e  diffused coatings %hat may a l t e r  t h e  chemistry of 
- I n  most 
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t h e  surface t o  a depth of 2 or 3 m i l s .  If we were t o  coat a sheet of 5 - m i l  
thickness f o r  honeycomb, it i s  obvious t h a t  t h e  composition through the  en- 
t i r e  thickness could be changed and we would have a t o t a l l y  new material. 
It i s  a continuing object ive of researchers i n  coatings t o  i d e n t i f y  those 
coatings and process conditions t h a t  w i l l  minimize t h e  changes t o  t h e  prop- 
e r t i e s  of t h e  base metals while providing a m a x i m u m  of protection. To date,  
coatings t h a t  w i l l  permit t h e  application of re f rac tory  metals t o  t h e  more 
important long-time environments have not been achieved. The needs a r e  great.  
Application 
Another corrosive environment f o r  re f rac tory  metals i s  t h e  containment 
o f  bo i l ing  a l k a l i  metals f o r  Rankine space power systems and l i q u i d  metals 
f o r  hea t - t ransfer  systems. Here we m a y  repor t  t h a t  t h e  fu ture  looks br ight .  
Figure 34, from work a t  t h e  Lewis Research Center (Ref. 45), ind ica tes  
t h a t  columbium and tantalum a l loys  containing minor a l loying additions of Zr 
and H f  appear excel lent  i n  corrosion res i s tance  t o  boi l ing potassium at  
2200' F. Shown on the  l e f t  i n  t h e  f igure i s  the corrosion t h a t  occu.rs i n  a 
commercial Cb-1OW-1OTa a l loy  i n  1000 hours. 
obvious. 
though t h e  Ta  has been increased, it i s  known t h a t  t h e  dramatic improve- 
The intergranular  a t t a c k  i s  
On t h e  r i g h t  i s  shown a Cb-10W-28Ta a l loy  with 1 percent Z r .  Al- 
ment shown here i s  a r e s u l t  of t h e  presence of Zr. After 4000 hours expo- 
sure,  no corrosion has occurred. For t h i s  p a r t i c u l a r  kind of space power 
appl icat ion,  re f rac tory  metals i n  the form of high qua l i ty  tubing with 
d u c t i l i t y  when welded are required. 
t 3 e  sheet  r o l l i n g  programs appear sui table .  
Many of t h e  Ta and Cb sheet a l loys  of 
The b e t t e r  ones have e i t h e r  
:Bf or Zr added f o r  strength.  
p r o d d e d  th.e needed res i s tance  t o  corrosion. 
As we see here, these same addi t ions may have 
Certainly more d a t a  a r e  needed 
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under conditions t h a t  more nearly dupl icate  t h e  serv ice  environment and with 
exposure f o r  long times, but we have every reason t o  be opt imist ic .  
A pa r t i cu la r ly  f i n e  example of t h e  f ab r i ca t ion  of hardware frcm ref rac-  
t o ry  metals i s  demonstrated by t h e  ASSET vehicle  shown as an exploded v i e w  
i n  Fig. 35. 
Corporation and t h e  Air Force ( R e f .  46). 
r i d s  would be szlbjected t o  a range of temperatures from 4000' F f o r  t h e  
ASSET w a s  a research reentry vehicle  developed by t h e  McDonnell 
On reentry,  t h e  s t r u c t u r a l  mate- 
nose cap t o  1000° F f o r  t he  aft  bulkhead. 
withstand the 4000" F temperature. The philosophy of appl ica t ion  of the  
metals was t o  use coated molybdenum at  temperatures of near 3000' F, and 
A ceramic nose cap w a s  used t o  
at lower temperatures down t o  where coated columbium might survive,  approxi- 
mately 2600' F. 
b i l i t y  and d u c t i l i t y .  
peratures  of 2000' F and below. 
Coated columbium was used because of i t s  g rea t e r  fabr ica-  
As would be expected, superal loys were used a t  tem- 
An assembly of fabr ica ted  coated r e f r ac to ry  m e t a l  panels from the  lower 
s t ruc tu re  of t h i s  vehicle  i s  shown i n  Fig. 36. The two d i f f e r e n t  colors  a r e  
t h e  r e s u l t  of t h e  use of d i f f e r e n t  types of coatings on t h e  s t ruc tu re .  I 
t h ink  you can see t h a t  t h i s  i s  a very sophis t ica ted  metal s t ruc ture .  
The f i n a l  f i gu re  (Fig. 37)  of t h i s  series shows the completed ASSET 
vehicle.  
t o r i e s  have been flown by these  vehicles ,  but  only one vehicle  has been re- 
covered from t h e  ocean. 
can vouch f o r  t h e  f a c t  t h a t  t he re  was l i t t l e  visible evidence of i t s  having 
I ts  t o t a l  l ength  i s  about 6 feet.. S i x  b a l l i s t i c  reent ry  t r a j e c -  
I was privi leged t o  see t h e  recovered vehicle  and 
been flown. I n  f a c t ,  t he  vehicle  w a s  subjected t o  a second reent ry  f l i g h t  
w i t h  apparent good performance although t h e  vehic le  w a s  not recovered f o r  
examinat ion. 
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EMERGING ALLOY T " D S  
The f i n a l  area I wish t o  summarize i s  t h e  s t rengths  of t h e  b e s t  a l loys  
discovered t o  date. Laboratory developments are, of course, ahead of com- 
mercial  developments, and examination of t h e  laboratory d a t a  w i l l  ind ica te  
t h e  t rend  of future  commercial alloys.  Whereas 10 years ago there  were 
only a few molybdenum a l loys  ident i f ied ,  today t h e r e  are a t  l e a s t  1 6  colum- 
bium a l loys ,  seven tantalum a l loys ,  seven tungsten a l loys ,  and f i v e  molyb- 
denum al loys.  Many of these,  however, a r e  not high-strength al loys.  
Tensile Properties 
The short-time t e n s i l e  s t rength as a function of temperature of t h e  b e s t  
a l loys  reported t o  date  i s  shown i n  Fig. 38. 
Ta-1OW-2.5Hf-0. O l C )  was i n  t h e  previous comparisons, but t h i s  time it i s  
ca l led  "optimum" because, as a r e s u l t  of systematic study, s l i g h t l y  higher 
s t rengths  have been achieved (Ref. 47). 
weaker than t h e  Ta a l loys  before, the a l loy  (AS-30: 
Ref. 48) shown here i s  appreciably stronger. This high-strength a l loy  is  
a forging a l l o y  and could not  be produced readi ly  i n  high qua l i ty  sheet. 
It could be of i n t e r e s t  f o r  high-strength p a r t s  such as turbine buckets, 
however. TZC (Mo-1. 25Ti-0.3ZR-0.15C) i s  t h e  molybdenum al loy,  having 
somewhat higher alloying additions than t h e  previously described TZN. 
Shown also i s  a tungsten a l loy  (W-0.2Hf-0.017C). 
arc-melted compositions recent ly  explored at our laboratory by Raffo and 
Klopp (Ref. 49). The remarkable high-temperature t e n s i l e  s t rength of t h i s  
a l l o y  i s ,  i n  p a r t ,  due t o  re ta ined cold work. The magnitude of t h i s  cold- 
work strengthening i s  indicated by the almost 40-percent drop i n  s t rength 
when recrys ta l l ized .  
Only one mater ia l  here (T-222: 
Whereas Cb a l loys  were shown as 
Cb-ZOW-lZr-O.lC, 
This i s  t h e  b e s t  of many 
The retent ion of cold work a t  3500' F is  extremely 
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in te res t ing .  (Remarkably, t h i s  a l loy  has a r e c r y s t a l l i z a t i o n  temperature of  
approximately 4200' F, about 0 . 7  of t h e  melting poin t ) .  A powder-metallurgy 
a l loy  of s i m i l a r  composition ( W-0.5Hf -0.02C) and with a s t rength  somewhat 
l e s s  than t h i s  value was developed e a r l i e r  by Sylvania Corporation. They 
c a l l  t h i s  a l loy "Sylvania A." 
I n  the  lower portion of t h e  f igu re  are shown propert ies  of  chromium and 
vanadium al loys (Refs. 50 and 51, respec t ive ly) .  These pa r t i cu la r  a l loys  
wodd be of i n t e r e s t  only a t  temperatures near 2000' F i n  a lmost  d i r e c t  com- 
p e t i t i o n  with superalloys.  Vanadium a l loys  have been s tudied extensively by 
IITRI. Bet ter  chromium a l loys  t h a t  can be produced i n  high qua l i ty  forgings 
a r e  known, but they a r e  proprietary.  
having a d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature of g rea t e r  than room temper- 
a t u r e  and of embr i t t l ing  severely due t o  n i t r i f i c a t i o n  upon exposure t o  air  
a t  t h e  desired use temperatures. 
They s t i l l  have t h e  disadvantages of 
For Comparison, t he  bes t  wrought superalloys have an ult imate s t rength  
of 40,000 ps i  at 1850' F. 
these  V and Cr a l loys  are about 150' F b e t t e r  and Cb, Mo, and Ta about 850' F 
be t t e r .  Superalloys have an ultimate s t r eng th  of 80,000 p s i  a t  about 1700' F. 
The tungsten a l loys  a re  about 1300 
Thus, on t h e  bas i s  of t h e  short-t ime s t rengths ,  
0 
F b e t t e r .  
I n  many appl ica t ions  t h e  s t rength-densi ty  r a t i o  must be considered. 
Before viewing such a Thus it i s  appropriate t o  examine t h i s  property.  
comparison l e t  m e  remind you t h a t  t he  Cb and Mo a l loys  i n  t h i s  f i g u r e  have 
about t h e  same densi ty  because of l a r g e  amounts of W added t o  t h e  Cb. The 
Ta, and par t icu lar ly  the  tungsten alloys are much heavier,  thus t h e i r  s t rengths  
w i l l  s h i f t  downward i n  r e l a t i o n  t o  C b  and Mo. 
w i l l  s h i f t  upward. 
C r  and V a r e  l i g h t e r ,  and thus 
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Figure 39 makes a comparison on the b a s i s  of the  s t ress -dens i ty  r a t i o .  
'It i s  suggested t h a t  t h e  Cr o r  V alloys a r e  competitive t o  about 2200' F. 
Mo and Cb a l loys  demonstrate a considerable advantage over Ta, and t h e  W 
a l loys  stand alone at  very high temperatures. 
Stress-Rupture Propert ies  
Most appl icat ions of mater ia l  f o r  use a t  high temperatures a r e  designed 
on t h e  basis of creep or rupture strength. Thus, such comparisons a r e  of 
more i n t e r e s t  than those discussed. Stress-rupture s t rengths  f o r  rupture  i n  
100 hours of t h e  b e s t  a l loys  are shown on Fig. 40. 
These da ta  are expensive and d i f f i c u l t  t o  obtain. Equipment i s  required 
t o  operate a t  very high temperatures and w i t h  high qua l i ty  vacuums. Because 
only l imi ted  da ta  are available,  it has been necessary t o  extrapolate  some 
short-time d a t a  t o  obtain t h e  p l o t s  shown here. Tungsten is, of c3'urse, 
t h e  s t rongest  mater ia l  at t h e  highest temperatures. (The d a t a  for t h e  W 
a l loy  shown here a r e  for t h e  previously mentioned Sylvania a l loy.  
not ava i lab le  f o r  t h e  higher s t r e i g t h  "cold-worked" arc-melted W a l loy  of 
Data are 
Fig. 38). Notice t h a t  here, contrary t o  the  s i t u a t i o n  shown f o r  short-time 
s t rength,  Ta  a l loys  a r e  indicated t o  be superior t o  those of Cb andMo. Two 
s t r e n g t h  l e v e l s  are shown for Cb alloys. The lower l e v e l  represents  t h e  &IC- 
t i l e  materials t h a t  can be made i = t o  high qua l i ty  shee-5 or tubing. 
l e - f e l  indicated by t h e  v e r t i c a l  bar is f o r  high-strength forging a l lays .  
3 2  upper 
I th ink  it i s  particiflarly i n s t r a c t i v e  t o  examine t h e  composf%ions of 
these  materials.  Al.tlr,ough these data are f o r  s p e c i f i c  a l loys,  they are E- 
markably t y p i c a l  of t h e  general  trend of alloying development. 
s i%ions  a r e  t h e  r e s u l t  of many screexing s t J d i e s  by many laborat.ories, zna 
"hese compo- 
i n  mzny cases represent compromises of  s t rength for d u c t i l i t y .  F i r s t  notoe 
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t h a t  t h e  group VIA metals, t m g s t e n  m d  molybdenum, are alloyed d i f f e r e n t l y  
than t h e  group VA me%als, Ta acd Cb. 
a l loys,  and note t h a t  t h e  t c h l .  a l loying addition i s  only 1 / 2  of 1 percent: 
H f  plus C ( t o  form an extremely f i n e  disp2rsed. carbide phase). 
t i o n s  a r e  somewhat similar - s m a l l  mounts  of cazbide formers, T i  and Zr, 
Coisider first t h e  high s t rength  W 
I n  Mo, addi- 
plds c. 
I n  the group VA me+,als, Cb and '?a7 s m a l l  amounts of carbide formers, 
Hf and. Z r  plus  C are again us?d, b u t  ir! t 5 . s  case grotip VIA metals, u s u d l y  
W, are  a l s o  add.ed ir, solM sokCJien. !Ex 're a l i c y s  and t h e  Cb-1 alloys 
bo5h contair, 10 W. 
and are eas i ly  fabri7ated. i n t o  high qual i fy  s tee t .  
i r i  s t rength t o  Cb, much more W !,as been added. 
curyently under stzdy by Begiey, e t  ale ,, Kef. 52. ) Increased tungsten pro- 
vides a.pprec.iable st;*engtheniag but  with a sa,c.riPice i n  d u c t i l i t y  and 
f abr icabi l i ty .  
Bot?- are d u - t i l e  alloys with low t r a n s i t i o n  temperatures 
To give a l a r g e  increase  
(These are forging alloys 
The d i o y i n g  o f  !.k i s  a lit,t ,le d i f fe ren t .  Zere addi t iona l  improvements 
a r e  sought; by alloying: 
f ica t ion .  
room temperatlzre. 
temperat'ure above room temperat5;ire have been ident i f ied .  
tary, however. 
improvem,erits i n  duct i . i i ty  and res i s tance  t o  n i t r i -  
'Pie a l loy  at  tiis strength l e v e l  plot-bed. here has d u c t i l i t y  a-b 
Alloys of mach beclt,er strengt!A but with a t r a n s i t i o n  
They are proprie- 
Ocze again we sho'dld mmpa-e t h e  m.ateniE,ls on t h e  basis of strength- 
density ra.ti.o. Before exmiriYng t i ~ e  f i g u r e  (Fig. 4 l ) ,  l e t  us r e c a l l  t h a t  
both tmgst;en ad. tantailxn w e  very heavy rnetds, and we would expect them 
t o  be sh i f ted  d.ownward tc. tJte co1umbi.u.m and. molybdenum al loys.  YOU w i l l  
note t h a t  this i s  e s s e n t i a l l y  what Lias happened. ?%e tantalum a l l o y  has 
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not f a l l e n  below t h e  molybdenum, but is s t i l l  appreciably b e t t e r  than t h e  
d u c t i l e  columbium a l loy  (1) i n  s p i t e  cf i t s  high density.  
suggest t h a t  t h e  tungsten a l loy  i s  superior at temperatures as low as 2700’ 
o r  2800’ F, but  da t a  are not avai lable  i n  t h a t  temperature range. 
l imi t a t ion  of t h e  tungsten i s  i t s  b r i t t l e n e s s  a t  room temperature. W e  w i l l  
d iscuss  t h i s  subject  i n  more d e t a i l  subsequently. 
This f igu re  would 
A ser ious  
A. zontrib!iting f ac to r  t o  t k e  r a tke r  order ly  t rend j u s t  described i s  tha t  
most of t h e  ai,loys have followed. a s i m i l a r  pa t t e rn  of deveiopment and are now 
a t  a somewhat s i m i l z  s t a t e .  3iese cornpositions are the  r e s u l t  of systematic 
sol id-solut ion al loying additions made t o  t h e  base m e t a l .  followed by addi- 
t i o n s  of second p h s e s  such as carbide, n i t r i d e ,  o r  oxide formers t o  a se- 
lect.ed so l id-so lu t ion  a l loy  matrix. One boundary conditions i s  that the 
composi.t:ion must be fabricable .  
t i o n a l  streng,thening from cold work {pa r t i cu la r ly  t h e  VTA metals) o r  from 
dispers ion of t h e  second phase; i n  some cases properly dispersed second 
phases w i l l  permit g rea t e r  re ten t ion  of cold work o r  re ten t ion  t o  higher 
temperat,ures. 
processing &long with contzol of morphology of dispersed phases should 
appreciable gains i n  s t rength  f o r  some a l loys  over t h e  s t rengths  shown here. 
Early s: igr:if icant research i n  p rec ip i t a t e  morphology w a s  contributed by 
Chaw and Perlmtitter (Ref .  53). R c e n t l y  Perkins and Lytton ( R e f .  54) 5ave 
combi.ned t h e  bene f i t s  of pro,aessing and heat  treatment of a Cb-modified 
1 
.T‘ZS alloy (M0-L 5Cb-0.5Ti-9.3Zr-U00’7G) and achieved s t rengths  1,- times thae 2 
of  the molybdenum all.cy shown on the  stress-?xpt,xre p l o t  (Fig. 40). 
data are almost id.entical  t o  those f o r  C.222. 
basis, t h e  a l loy  i n  t h e  ‘!optimums’ cond.ition i s  superi.or t o  any mate:ri.al i n  
Many of t h e  a l loys  gain appreciable addi- 
This, it has been obvioxs t h a t  &-dies of t h e  cont:rol of 
The 
On a strength-to-density 
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0 
t h e  temperature range of 2000 
notch sens i t ive ,  however. 
to 2803’ F. It is reported t o  be extremely 
Strength as a Functiot; of Melting Point 
F ina l  comparisons of s t rength  i n  the refrsctory-metal  a l loy  systems 
are made as a function of hOmOlOgOUS temperature. P lo t s  of t h i s  type per- 
m i t ,  us t o  eliminate tkie differenzes i r  melting point and measure d i r e c t l y  t h e  
e f f e c t  of  alloying o r  o t v e r  vs r iab les”  ‘ . ! - e  first, Fig. 42, is on the bas i s  
of t e n s i l e  st-rength. 
lxnbium, it would .  seem t?& the d.egwe OP st-.~%g.t.ker,ing achieved by al loying 
E:xaminLng fi=.st the group VA metals, tantalum and co- 
i s  very s i m i l a r .  E ~ i s  i s  n o t  surpr is ing,  of course, i f  we examine the  s i m i -  
l a s i t y  of the al loying addizions. Voij w i l l  note that! both a l loys  general ly  
have about 10 percent tungsten pltis small amounts of zirconium and carbon. 
If we examine t h e  grodp ‘JIA metals, tungsten and molybdenum, w e  f i n d  that 
t h e i r  s t rengths  a r e  wel l  aSove t 5 e  group VA a e t a l s  with tungsten superior  
t o  molybdenum. 
pointed out tha% t.his tungsten a l loy  r e t a i n s  8, very l a r g e  amount of cold 
If you recd.1 from t h e  ear l ier  s l i des ,  however, it was 
work i n  a short-time t e n s i l e  tces5, at, least  %o 60 percent of t h e  melting 
point of W, whereas t k i s  moLybdenum a l loy  does not. If w e  were t o  r ec rys t a l -  
l i z e  t h e  tlzngsten alLoy, thm rem0vin.g t h e  cold work, we would f i n d  t h a t  t h e  
s t rengths  a m  similxr. 
wodd be 35,680 ps i .  
( ~ 3 . e  stlrer&;?i at. a homologous temperature of 0. 60 
O n  the ot21.e.~. h:md., t h e  a b i l i t y  of these  tungsten 
a l loys  t o  r e t a in  cold work i s  of conslderj.b;e interest  and may be put t o  
u s e  i n  many appli-,at-Lons. P i e  t h i r d  group YIA m e t a l  i n  t h e  f igu re ,  
ckromium, i s  apparently beb-j,vir,g vpry simi1a.V t o  molybdenum and tungsten. 
‘Tke gmiip ‘?A mehL, vmadidn, C e E r n s  t 3  f‘8,I-l well  above t h e  tantalum 
and columbium, but  t h i s  may 5 e  acsocis ted with t h e  l a r g e  addi t ion ( 2 0  percent) 
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of t h e  higher melting eoliunbim. You Will note that t h e  columbium 2 percent 
'ai.l.oy i s  a close cgmpetitor with t h e  group VIA metals. This high-strength 
l e v e l  has been achieved la rge ly  because of t h e  addi t ion of l a r g e  amounts of 
-&e VIA m e k a l ,  tungsten. As mentioned e a r l i e r ,  t h e  behavior of t h i s  a l loy  
moves toward t h a t  of t h e  group VIA metals i n  t h a t  we have s a c r i f i c e d  some 
of t h e  cha rac t e r i s t i c  d u c t i l i t y  and weldabili ty t o  achieve a high-strength 
forging al loy.  
IC, is d i f f i c u l t  t o  pred ic t  how muck addi t iona l  strengthening might y e t  
be achieved. i n  these  refrae*or.y-metal systems. 
eiuded t h e  s t rength  of an outs*anding wrought nickel-base al loy.  
For comparison, w e  have i n -  
It i s  highly 
unl ike ly  t h a t  we can ever achieve t h i s  magnitude of high-temperature streng- 
thening, as w i l l  be discussed later. 
Figure 43 again makes a comparison on t h e  basis of homologous tempera- 
% m e  (again f o r  t h e  melting point of t h e  unalloyed base metal) , but  t h i s  t i m e  
t h e  da t a  a r e  f o r  s t ress - rupture  streng5h ra the r  than short-time t e n s i l e  
strengtk.  "Le s t rzngth  of tkLe group VA m e t a s  , t a n t a l m  and colum'bium, a r e  
almost ident ica l .  The VIA met~~,ls, molybdenum, tungsten, and chromium, are 
less simi.lm and generally above t!le group VA metals. 
Sherby ( R e f .  55) has point,ed out t h a t ,  at  temperatures above about half 
t h e  melting point ,  creep atreng3h i s  d i f fus ion  controlled.  H e  r e l a t e s  five 
f a c t o r s  t h a t  a r e  important i n  slowirg d i f fus ion  and thus increasing creep 
(,x rupture)  strength.  
Tke first t h ree  of these are: c r y s t a l  s t raet .ure  wi th .  t h e  r e l a t i v e l y  
open body-zentered-cubic s t ruc tu re  being poorest ,  melting poin t  w i th  higher 
mel t ing points  of course desirable ,  and modulus - t h e  higher t h e  modulus, 
KPe higker  the creep strength.  y e  placed a lesser emphasis on t h e  desisa-  
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b i l i t y  of a higher valence s t a t e  and argued t h a t  benef i t s  of dispers ion 
strengthening i n  materials, such as sintered-aluminum powder (alumina i n  
aluminum) and TD nickel  ( t h o r i a  i n  n icke l ) ,  r e l a t e d  t o  achieving and main- 
ta in ing  a f i n e  and perhaps optimum grain size. 
E a r l i e r  i n  discussing Fig. 2 it was pointed out t h a t  t h e  s t rengths  
within each group were i n  t h e  same order as t h e  melting point  but t h a t  the  
group VI metals were stronger than those of group V. I n  t h i s  f i g u r e  (Fig. 43) 
by comparing s t rengths  of t h e  materials on t h e  basis of homologous temperature, 
we have eliminated t h e  e f f e c t  of melting point  except perhaps f o r  the  com- 
parison of Cb (1) and ( 2 ) .  
p a r t  because it contains twice as much tungsten, the  highest  melting m e t a l  
(and a material  of much higher modulus). 
Cb ( 2 )  apparently has much higher s t rength  i n  
I n  regard t o  modulus, t h e  s t rength super ior i ty  of t h e  group VIA metals, 
Mo, W, and perhaps C r  over t h e  group VA m e t a l s ,  Ta and C b ,  may be associated 
with t h e  f a c t  t h a t  t h e  modulus of these group VIA metals i s  almost twice 
t h a t  of the  VA metals. 
The influence of c r y s t a l  s t r u c t u r e  cannot be measured f o r  t h e  re f rac-  
t o r y  metals because all a r e  body-centered cubic; however, t h e  s t rength  of an 
outstanding wrought nickel-base superalloy U-700 i s  shown i n  Fig. 43. 
p l o t  would suggest t h a t  our  re f rac tory  m e t a l  a l loys  a r e  f a l l i n g  far s h o r t  of 
our  achievements i n  superalloys. 
F i r s t ,  higher s t rength re f rac tory  metal alloys may be consolidated, but  f r e -  
quently we are not able t o  f a b r i c a t e  them because of equipment l imi ta t ions ;  
second, t h e  nickel-base alloys have a face-centered-cubic c r y s t a l  s t ruc ture ,  
and theory would state t h a t  we may never achieve t h e  same strengthening i n  
body-centered-cubic metal systems. Let us not say tha t  we w i l l  not do 
This 
This would be expected on two bases: 
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b e t t e r  i n  the refractory-metal  alloys,  however. 
a l loys  a r e  j u s t  around the next corner. 
You may be sure  that bet ter  
Duct i l i ty  Improvements i n  Tungsten 
We have examined the  s t rength of the re f rac tory  metals w i t h  p a r t i c u l a r  
emphasis on a l loys  of Cb, Ta, Mo, and W. I n  addi t ion t o  s t rength,  w e  must 
always be concerned with t r a n s i t i o n  temperaturewith t h e  i n i t i a l  goal of pro- 
viding high-strength a l loys  wi th  a d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  temperature 
below room temperature. 
of all these metals, except perhaps tungsten. 
mis goal has been achieved for commercial a l loys  
An important research area of t h e  p a s t  2 o r  3 years has been t o  seek 
It has been known methods of achieving s i m i l a r  improvements i n  tungsten. 
f o r  severa l  years tha t  s ing le  crystals  of tungsten a r e  very d u c t i l e  a t  room 
temperature, but the same material converted t o  polycrystal l ine form i s  not. 
The Linde Division of Union Carbide has been successful (Ref. 56)  i n  pro- 
ducing s i n g l e  c r y s t a l  tungsten sheet that r e t a i n s  the d u c t i l i t y  and s i n g l e  
c r y s t a l  form even after r o l l i n g  and welding. 
achievement but t o  da te  it has been l imi ted  t o  laboratory s tudies  on s m a l l  
samples. Studies t o  achieve ultra-high-purity polycrystal l ine tungsten as 
a route  t o  d u c t i l i t y  a t  room temperature have not been successful. 
Certainly t h i s  i s  a remarkable 
Some years ago it was reported by Geach and Hughes (Ref. 57)  that 
an a l l o y  of tungsten w i t h  25 percent rhenium d i d  have a t r a n s i t i o n  tempera- 
t u r e  w e l l  below room temperature. This a l loy  i s  d u c t i l e  i n  the Told-worked 
form and may be d u c t i l e  i n  the recrys ta l l ized  condition i f  not heated much 
above t h e  r e c r y s t a l l i z a t i o n  temperature. Rhenium, however, i s  more expen- 
s i v e  than gold, and although the tungsten 25 percent rhenium a l loy  may be 
purchased commercially, the  cost i s  $600 t o  $1000 per pound. 
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I n  recent months, it has been found t h a t  other  approaches are f e a s i b l e  
Several  of these are tabulated i n  Fig. 44. Pugh, e t  al., of t h e  General ' 
E l e c t r i c  Company (Ref. 58) showed t h a t  doped lamp fi lament tungsten when 
alloyed with 3 percent rhenium by t h e  powder-metallurgy process would be 
d u c t i l e  i n  e i t h e r  t h e  cold-worked or r ec rys t a l l i zed  form, but  only when 
drawn i n t o  s m a l l  diameter wire. 
r e s u l t  i n  duc t i l i t y .  
recent ly  found t h a t  an a l loy  of tungsten with 3 percent rhenium prepared by 
electron-beam melting is  d u c t i l e  a t  room temperature i n  t h e  cold-worked 
condition. 
achieved by t h e  electron-beam-melting process because sheet  prepared i n  t h e  
same way but  a r c  melted i s  b r i t t l e  at room temperature. 
of Bat t e l l e  (Refs. 6 1  and 62) have prepared, by powder metallurgy, an a l loy  
of doped tungsten plus 5 percent rhenium plus 2.2 percent of dispersed phase, 
Lhor i a  . 
form may be d u c t i l e  i n  both t h e  cold-worked and r e c r y s t a l l i z e d  condition i n  
t e n s i l e  t e s t s  a t  room temperature but  with r e s t r i c t e d  d u c t i l i t y  i n  bend tests. 
When appl ied t o  sheet, t h e  process d id  not 
A t  t h e  Lewis Research Center (Refs. 59 and 60) we have 
This achievement appears dependent on t h e  high-purity tungsten 
Maykuth, e t  al., 
Early da t a  reported here suggests t h a t  t h i s  a l loy  i n  shee t  
I n  earlier f igu res  it was indicated t h a t  t h e  highest  s t rength  tungsten 
a l loy  contained s m a l l  amounts of carbide formers and carbon, f o r  example, 
0.5 percent hafnium plus 0.02 percent carbon. 
Sylvania have recent ly  found (Ref. 63) t h a t  an addi t ion of 3 t o  5 percent 
rhenium i n  t h e i r  powder-metallurgy-produced vers ion of t h i s  a l loy  w i l l  re- 
s u l t  i n  room-temperature d u c t i l i t y  i n  t h e  cold-worked condition. Although 
the  preliminary da ta  ind ica t e  t h a t  t h i s  a l l o y  may be b r i t t l e  when r ec rys t a l l i zed ,  
t h e  a l loy  has a r e l a t i v e l y  high r e c r y s t a l l i z a t i o n  temperature of' 3300 
Only l imited data are ava i lab le  i n  these  new materids and undoubtedly other  
Friedman and Dickinson of 
0 F. 
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shortcomings will be revealed; nevertheless, the data should permit cautious 
optimism in our achieving tungsten alloys with ductility at room temperature. 
These data suggest that either the route of high purity plus rhenium or a 
combination of rhenium and a dispersed phase will achieve this goal. 
SUMMARY 
Surely it can be said that the past decade has resulted in dramatic 
progress in refractory materials for structural applications, undoubtedly a 
greater rate of progress than ever before achieved for any one class of 
strueturd ma%erials. 
processing and evaluation fazilities incorporating high temperatures and pro- 
tective or vacuum environments. Through a coordinated government-industry 
program, high quality sheet alloys of high strength are now available com- 
mercially. Laboratory research demonstrates that further improvements in 
properties will be realized. 
This progress has required the development of unique 
Important research areas will relate to contamination and stability 
in long-time testing and service, improved alloys, both conventional and 
dispersion strengthened, and heat treatment coupled with process control to 
improve and tailor properties. The great need in refractory metals is to 
combine the alloys of today with suitable coatings to permit operation at 
long times in an air environment. This is the most difficult task before 
us. I am hesitant to predict suczess but the search must continue. 
Thank you for permitting me to speak in honor of Horace W. Gi1let.t. 
1. H 11, Robert W., Sik 
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Figure 3. - Ductile-brittle transit ion temperature of recrystallized 
metal. 
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Figure 5. - Oxidation of refractory metals. 
Figure 6. - Molybdenum heated to 3500" F in air. 
Figure 7. - Comparison of columbium oxidation at 1500" F i n  a i r  after 3 hours exposure. 
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Figure 8. - Requirements for refractory metals. 
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Figure 9. - Strengths of refractory metal alloys in 1955. 
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Figure 10. - Characteristics of base metals. 
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aNot measured; typical value. 
Figure 12. - Purif icat ion achieved by electron-beam melting 
in h igh vacuum. (Chamber pressure, to mm Hg; 
ingot diameter, 25 in. 1 1 .  
Figure 13. - 
C-68772 
Tungsten billet, coated die, and finished extrusion. 
Figure 14. - Lowering of billet from furnace in to  rapid bil let loader device. 
Figure 15. - Space-suited men working within the argon filled room of In-Fab. 
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Figure 16. - Contamination at low pressures and 
2ooo0 F of columbium-1 percent zirconium. 





Vacuum 5 ~ 1 0 - ~  mm Hg 
Creep in 172 hr, percent 3.0 
CS-35987 
1 ~ 1 0 - ~  mm Hg 
0.26 
Figure 17. - Creep un i ts  for h igh temperature and h igh  vacuum 
(5 x 10-8 to 4 x 10-9 mm ~ g ) .  
MolyWenum and tungsten tend to pu r i f y  in h igh vacuums; oxygen, nitrogen, 
carbon, hydrogen are removed; ducti le-bri t t le t rans i t ion temperature is  lowered 
Example: 
Molybdenum exposed to 38oOo F at 5 x W 5  m m  Hg for 12 hours  
~ 







t rans i t ion 
temperature, 
Carbide-phase-strengthened refractory-metal alloys lose carbon at h igh  vacuums 
and lose strength 
Example: 
MolyWenum alloy (TZC) exposed to 3685' F a t  mm Hg for 60 hours  l 
Final 100 86.6 
Columbium alloy (D-43) exposed to 2oaOo F at 5 ~ 1 0 - ~  m m Hg for 1Mx) hours  
(b) Group V I A  metals. 
Figure 18. - Concluded. 
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Figure 20. - Bend-transition temperatures for Mo - 0.5 Ti alloy sheet 
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Figure 21. - Targets for alloy selection. 
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Fabricable molyWen u m: 
Mo - 0.5 T i  
1965 
Completed production program 
Completed production program 
(24- by 72-in. sheet) 
(24- by 72-in. sheet) 
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Completed pilot production 
(24 in. wide) 
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(18 in. wide) ~- -~ 
TZM (Mo - 0.5 Ti - 0.1 Z r  - 0.03 C 
lungsten: 
Una I loyed 
Fabricable and weldable co lumbium 
D-43 (Cb - 10 W - 1 Z r  - 0.1 C) 
Cb-752 (Cb - 10 W - 2.5 Z r )  
FS-85 (Cb - 28 Ta - 10 W - 1 Z r )  
ran ta I u m: 
T-222 (Ta - 10 W - 2.5 Z r  - 0.01 C) 
GE-473 ( l a  - 7 W - 3 Re) 
Status 









Molybdenum Tungsten Columbium Tantalum 
Transition temperature 
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Figure 23. - Comparison of properties achieved with targets. 
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cs-35984 
Figure 26. - Curved channel. 0.06O-inch TZM molybdenum after f inish. Formed at 300" F i n  
double-acting, hot sizing press. 
CS-35985 
Figure 27. - Corrugation - 0.016-inch TZM molybdenum formed at room temperature. 
. 
C S -35983 
Figure 28. - Corrugated test panels from 0.020-inch tungsten sheet formed at =: 500" F. 
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Figure 29. - Deepdrawn cups made from 0.06- andC.100 inch KlvlSRP tungsten 
sheet formed at 1650" F. 
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Figure 30. - Forged, r ing  rolled throat inserts of tungsten. 
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Figure 31. -Tungsten inf i l t rated with s i lver for rocket nozzle. 
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Figure 33. - Effect of coating on transition temperature of columbium 
sheet (D-31). "It ain't paint." 
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Figure 34. - Columbium and tantalum alloys with zirconium o r  hafnium are excellent in  
corrosion resistance to boiling potassium at 2200" F. 
rForward upper M y .  
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molybdenum, Moo" F 
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Figure 35. - ASSET manufacturing breakdown. 
Figure 36. - Assembly of fabricated coated refractory metal panels from lower structure of ASSET 
research reentry vehicle. 
Figure 37. - Completed ASSET vehicle prior to flight. 
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Figure 38. - Strength of best alloys (lab data). 
-r V alloys \ (Recrys. ) 
Figure 39. - Strength-density ratio of best alloys (lab data) 
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W -0 .25Hf -0 .015C 
- Mo - 1.2 Ti  - 0 .3  Z r  - 0.15 C 
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Figure 42. - Strength as funct ion of homologous temperature. 
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Figure 43. - Stress-rupture strengths as function of 
homologous temperature. 
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Figure 44. - Tungsten materials indicated to have transi t ion temperature 
below ram temperature. 
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